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Preføce

Over the last three decades, accomplishments in microlithographic technology have

resulted in tremendous advances in the development of semiconductor integrated circuits
(ICs) and microelectromechanical systems (MEMS). As a direct result, devices have become

both faster and smaller, can handle an ever increasing amount of information, and are used

in applications from the purely scientific to those of everyday life. With the shrinking of

device patterns approaching the nanometer scale, the wavelength of the exposing radiation
has beén reduced from the blue-UV wavelength of the mercury g-line (436 nm) into the

mercuïy l-line(365 nm), deep UV (DUV), vacuum UV (VUV), and the extreme UV (EUV).

The krypton fluoride (KrF) excimer laser at248 nm was adopted as an exposure source in
DUV regions and has been used in volume manufacturing since 1988.

Since the first edition of this book, advances in 1"93-nm argon flouride (ArF) excimer laser

tithography have allowed for the pursuit of sub-90-nm device fabrication and, when
combined with high NA technology, polarized illumination, and immersion imaging,
maybe capable of imaging for device generations at 45 nm and beyond. The next generation

of iithographic systems for 32-nm device technology will likely come from candidates
including F2 excimer laser (L57 nm) lithography, EUV (13.5 nm) lithography, electron pro-
jection liihography (EPL), nanoimprint lithography (NIL), or maskless lithography (ML2)

Among thesè cándidates, ML2 such as electron-beam direct-write system has been used for
small-volume device production with quick turn around time (QTAT) because a mask is not
necessary. Factors that will determine the ultimate course for a high-volume device pro-
duction will include cost, throughput, resolution, and extendibility to finer resolution.

The second edition of this volume is written not only as an introduction to the science

and technology of microlithography, but also as a reference for those who with more

experience ro itrut they may obtai., a wider knowledge and a deeper understanding of

thô field. The purpose of this update remains consistent with the first edition published in
1998 and editãd 6y Dr. fames R. Sheats and Dr. Bruce W Smith. New advances in litho-
graphy have required that we update the coverage of microlithography systems and

ãpproaches, as well as resist materials, Processes, and metrology techniques.
the contributors were organized and revision work started in 2003. Additional content

and description have been added regarding immersion lithography, 157-nm lithography
and EPL in Chapter 1 System Oaeraieru of Opticat Steppers ønd Scønners, Chapter 3 Optics for
Photolithograph, Chapter 5 Excimer Løser for Aduanced Microlithographyt and Chapter 6

Electron Beøm Lithogiaptty Systeøs. Because the topics of EUV and imprint lithography
were not addresseã in the first edition, Chapter B and Chapter t have been added

to discuss these as well. A detailed explanation of scatterometry has been incorporated

into Chapter 14 Critical Dimensionøl Metrology. Chapter 15 Electron Beøm Nønolithogrøphy

has also has been widely revised. In order to maintain the continuity of this textbook, that

proved so valuable in the first edition, these topics and others that may be less obvious, but
no less significant, have been tied into the other corresponding chapters as necessary. As a

result, *ã ur" certain that this second edition of Microlithogrøphy: Science ønd Technology

will remain a valuable textbook for students, engineers, and researchers and will be a
useful resource well into the future' 

Kazuaki suzuki
Bruce W. Smith
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11.12,4 llesist Pattern Collapse....
11.13 Photorcsist Issncs for Immersion Lithography
Refelence.s

LL.1, Introduction

For the rnost part, conventional single-layer photoresists have beerr based orr components
with two primary functions. Whether considering older bis(arylazide)-cis-polyisoprene
resists, diazonapthoquinone (DNQ)/novolac g/i-line resists, or chemically amplified
poiyiryciroxysiyrene (FHOST) or poiyrnetiracrylaies, cieep-UV (DUV) resisis, an a¡:¡:roach
has been utilized wherein a base resin material is modified for sensitivity to exposure by a
photoactive compound or through phtotoinduced chemical amplification. The resist base
resin is photopolymeric in nature and is responsible for etch resistance, adhesion, coat-
ability, and bulk resolution performance. These resins generally do not exhibit
photosensitivity on the order required for integrated circuit (IC) manufacturing. Single-
component polymeric resists have been utilized for microlithography, including metha-
crylates, styrenes, and other polymers or copolymers, but sensitization is generally low
and limited to exposures at short ultraviolet (UV) wavelengths or with ionizing radiation.
Inherent problems associatcd with low absorbancc and poor radiation rcsistancc
(required, for example, during ion implantation or plasma etching steps) generally limit
the application of these types of resists to low volumes or processes with unique
requirements.

Sensitization of photoresist materials has been accomplished by several methods.
In the case of conventional g/i-line resists, a chemical modification of a base-insoluble
photoactive compound (PAC), the diazonaphthoquinone, to a base-insoluble photopro-
duct, indene carboxylic acid (ICA), allows an increase in aqueous base solubility. For
chemically amplified resists, exposure of a photoacid generator (PAG) leads to the pro-
duction of an acid, which subsequently allows polymer deprotection (positive
behavior) or cross-linking (negative behavior). Other similar processes have been
developed (as discussed in Chapter 10) and may involve additional components or
rnechanisms.

For arry resist system, the therrnoclynamic properties of polymeric resins play an
important role in processability. During the coating, exposure, and development
processes of a resist, an understanding of the thermodynamic properties is desirable
bccause the glass transition temperatnrc (Tg) of a polymcr influenccs planarizability,
t|.,.^, ....-! ,J:ff..^:^^ 

^ 
lrl.^..,,1- -^^-^^^1.-1,. !-:.,L "r ..^1.,^., *^,. l.-., 1,.-:*^t-1.. .,1^.,-.,rl(rvvl (lllv \rlrruJrurl/ nrllruuórr rç4DUrr(vlJ ¡lr6rr ¡ g vqrrrçJ rrl(r/ r,ç uçJrr4vrç/ 6r(rÐÐ)

materials with values above 200"C ate not suitable because of poor mechanical per-
fonnance. After three-dimensior-ral resist features are fonned, however; a thermoset
material rnay be desired in which the polymer does not flow with ternperature ancl a

T" essentially does not exist. 'I'his ensures the retention of high-aspect-ratio features
rl--.----..'L ----l^..^-,--.-.^! L:,-L a^.^^-^^-^^L---.- ^.^l Li-L D-, ^--.^-^--:^t^ ^.^-:-utruLrËrl >rrl_rÞLj(lLrt-rrt rrrörr-rsrÌrlrçldLr..r.rE (1r.ru rlrörr-crrcl 6y l/rrrr.c)ÞB¡. t)y ctyyt (ryrr.rrc crrörrr-
eering of back steps during single-layer resist processing, the control of polyrner
thcrmoplastic and therrnoset properties can be made possible. Fcr negative resists, the
situation is inherently simplified. Coated negative resists are thermoplastic in nature,
with a well-defined T, range. Upon exposule and subsequent secondary reacttons,
cross-linking leads to a networked polyrner that will not flow witl"r tenperarture.
At the temperature of clecornpositiorr (T.1) the polyrner will break down ancl begin to

630
632
OJlJ
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lose significant volume. Imaging steps are therefore responsible for the production
of thermally stable resist features. Operations are often included in the processing of
positive resists that can accomplish similar thermal stability enhancements.

This chapter addresses the critical issues involved in the processing of single-layer
resists materials. Process steps to be discussed include:

. Resist stability, contamination, and filtration

. Substrate priming

. Resist coast

. Soft bake

' Exposure
. Postexposure brake
. Development
. Swing effects

. Hard bake and postdevelopment treatment

The step-by-step process flow for DNQ/novolac resists has been covered elsewhere,

and the reader is directed to these references for additional description [1-3]. Specific

details are given here for positive DNQ/novolac resists and both positive and negative
DUV chemically amplified resists based.

11.2 Resist Stability, Contamination, and Filtration

11.2.1 DNQ/Novolac Resist Stability and Filtration

DNQ/novolac resists have proved to be robust materials with respect to sensitivity to
thermodynamic and aging effects while stored in uncast form. A resist shelf life of several

months can be expected with no significant change in lithographic performance. Because

resists are considered for application in production, the stability of materials at various
points of the process also needs to be considered.

For DNQ/novolac resists, aging can lead to an increase in absorption at longer wave-
lengths, Resists materials are susceptible to several thermal and acid/base (hydrolytic)
reactions when stored [4]. These include thermal degradation of the DNQ to ICA followed
by acid-induced azo dye formation and an azo coupling of the DNQ and novolac. A
characteristic "red darkening" results from this coupling, induced by the presence of
acids and bases in the resist. Although long-wavelength absorbance is altered by this
red azo dye, the impact on UV absorbance and process performance is most often negli-
gible. Degradation mechanisms can also result in cross-linking, leading to an increase in
high-molecular-weight components. Hydrolysis of DNQ may occur to form more soluble

pròducts and hydrolysis of solvents is possible, which can lead to the formation of acids

iS1. fne practical imitation of shelf life for DNQ/novolac resists is generally on the order of
6 months to 1" year. Once coated, resist film can absorb water and exhibit a decrease in
sensitivity, which can often be regained through use of a second soft bake step. As will be

described, pïocess delays for chemically amplified PHS resists are much more critical than
for DNQ/novolac materials.

A larger problem encountered when storing DNQ/novolac resists is sensitizer precipi-
tation. With time, DNQ PAC can fall out of solution, especially at high temperatures.
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These crystallized precipitates most readily forrn with high levels of DNQ' In addition,

resist paiticulate levels can be increased by the formation of gel particles, a result of acid-

rndrrcôd novolac cross-linking via thermal decomposition of DNQ. Any of these routes to

particulate formation can leaã to levels exceeding that measured by the resist manufac-

irrrur. Because of this, point-of-use filtration has become common practice for most

production applications to ensure photoresist consistency [6J. Resist materials are

èornrnonly filte?ed at a level of approximately 25% of the minimum geometry size. As

the geom'etry size approaches sub -0.35 ¡rm, filtration requirements approach 0.05 pm.

Sucñ ultrafiítering will have an impact on how resist can the manufactured and used.

Filtration speecl is dramatically reduced and material preparation become more

costly. Similâr concerns can exist for pump through put during resist dispensing. Fraction-

ation of a resist material can also occur, resulting in the removal of long polymer chains
- r - -r---^.-^:-- ..^..4^-*^-^^ 'r^.i1,i,,.+..fn flrìc ¡nnciÁo¡ an l'-linp /IINI(.)/nnr¡rtlacl

all(l d (-ltclltËc ul PIULtrÞJ yslrurlrr(rrlL!. rv ¡¡tuDrrqru r¡'¡ul !v¡LU¡u

with a molèculai weightìn the order of 1020 X 103 g/rnol (number average). The resulting

average polymer chain size is nearly 5-6 nm with a maximum as large as 40 nm. In highly

conceirtiatéd resist formulations (greater than 30 wt.o/o), intertwisting of polymers

can result in chain sizes greater than B0 nm. If such a resist is filtered to 0'05 pm, the

largest polymer chains cãn be removed. As technology progresses toward smaller

fealure resolution, it is clear that particulate and filtration issues need to be

ca refu ll y considereci.

. ê ^t 
. rr ^ -, -l:I:^l nr r^cT D^^:^¿^'ll.¿,¿ )taþlllty lssues Tor Lnemlcally l{¡lIPlllle(r rrr\-trr f\csrrrs

Filtration concerns for l-line resists are extended to deep-UV lithography when PHS resists

are considered. As sub-0.2-pm geometry is pursued, the issue of ultrafiltering becomes

an increasingly important problem. In addition, envitonmental stability issues are present

for many chemicaliy amplified resists (CARs) that are not issues for DNQ/novolac resists,

especialiy for resisis baJed on acid-cat alyzed reactions and PHOST resins. Ion-exchange
r' tr --^-r r^ -,^1..^^:^^ ^^-r^'-:'^^r:^- l^.,^1.. i- .^.¡.1. k^l^.^'

metnoos arg collvelluotlaliy u5gu tu rcL-ruLs lLrlt L(JrrLdrrÌlrrqL¡urr ¡LvLrJ

50 ppb. Ionic contamination reduction in both positive and negative CAR systems

tt"édr to be carefully considered. Deprotection of acid-labile components can result

from reaction with cationic exchange resins. The catalytic acid produced upon exPosure

of these resists is also easily neutralized with base contamination at ppb levels. These

contaminants can include such things as ammonia, amines, and NMR which are often

present in IC processing environments l7). Any delay befween exPosllre and postexposure

Lake (lrEB) can result in a decrease in sensitivity and the formation of a less-soluble resist

top layer or "T-top."
To ieduce the likelihood of base contamination of these resists, several improvements

lrave been made in resist formulations. One rnethod to reduce acid loss is the use o{ low-

activation-energy (8") poiymers with highiy reactive protection grouPs' These resisis are

sufficierrtly active that deprotection can occur immediately upon exPosure, significantly
reducing ihe sensitivity tõ PEB delay effects [8,9]. Additives have also been incorporated

into DUV PHOST resiéts to improve their robustness to contamination effects [L0,1"1] and

resist top-coating approaches have been introduced [12). By coating a thin water-soluble

transpaient poiyrneric fiim over a resist iayer; prt-riectiorr lrour ¿ri¡boi:ne contan:rjnaiion can

be rnade poisible. This "sealing" layer is removecl prior to development with a watr:r

rinse. AltÎrougli sucli a solutiorr leads to minimal additional process cornplexity, it is

still desirable to use resist techniques that do not require additional material lavers. An

alterr-ratjve route for the reduction of contarnination effect is the rtse of high-activation-

energy resist materials. By reducing the reactivity of a resist, highel bake-Process teinpera

tures- are allowed. Increasing the bake ternperatures above a polymer's T, results in a
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densification of the photoresist. This leads to a significant decrease in the diffusion rate of
airborne base contamination prior to or after exposure [13,14], These high-E, resists also
require that a photoacid generator be chosen that can withstand high temperatures. Other
methods used to reduce base contamination of acid-catalyzed resists include the use of
activated charcoal air filtration during resist coating exposure, and development
operations [15]. This is now considered a requirement for processing of PHOST CAR
resists. Environmental base contamination can be neutralized and further reduced by
adding weak acids to these filters.

The stability or shelf life of PHOST-based resists is also influenced by the structure
of polymer protective groups. This is especially true for low-activation-energy (high-
reactivity) resists, for which the lability of protective groups may decrease usable resist
life. Conversely, the more stale protective groups utilized with high-activation-energy
(1ow-reactivity) resists lead to a higher degree of stability.

11.3 Resist Adhesion and Substrate Priming

Adequate adhesion of photoresist to a wafer surface is critical for proper process
performance. Resist adhesion failure can occur not only during photolithography
operations, but also in subsequent etch, implant, or other masking steps. Negative
resists are less prone to adhesion failure because as cross-linking results in a networked
polymer that is bound to the wafer surface. Positive resists (especially phenolic-based
materials such as novolac or PHOST resists) are more likely to be single-polymer chains
and rely on weaker physical and chemical forces for adhesion. Etch-process undercut-
ting can often result from inadequacies at the resist interface, resulting in loss of etch
linewidth control. The causees of resist adhesion failure are generally related to dewet-
ting of a photoresist film. This can result from a large discordance between the surface
tension of the wafer and that of the resist material, especially when coating over silicon
oxide. Silicon dioxide is an especially difficult layer to coat because it provides a

hydrophilic (water attracting) surface to a hydrophobic (water repelling) resist. The
surfacè tension of thermaliili"ot't dioxide t,uy b" on the order of L5 dynes/cm2,
whereas the surface tension of phenolic resists in casting solvent may be near 30

dynes/cm2. Surface defects can also cause adhesion failure as surface free energy can
result in dewetting.

Methods of adhesion promotion can be used for most silicon oxide layers, whether they
are thermally grown, deposited, native, or glasslike. Chemical passivation of these
surfaces is generally carried out using silylating priming agents that act to modify the
wafer surface. Some benefit can be realized with priming of layers other than oxides if
techniques promote a closer matching of material surface tension. Alkylsilane compounds
are generally used to prime oxide surfaces, leading to a lowering of surface hydrophilicity.
The most commonly used silane-type adhesion promoter is hexamethyldisilazane
(HMDS). Other similar promoters are available, including trimethylsilyldiethylamine
(TMSDEA), which can be more effective but also less stable, resulting in lower shelf and

coated lifetimes. Reduction of substrate surface tension is carried out in two stages, as

shown in Figure 11.L. The figure depicts a silicon oxide surface with adsorbed water
and OH- groups. An initial reaction of water with an alkylsilane (HMDS) produces an

inert hexamethyldisiloxane and ammonia, resulting in a dehydrated surface. Further
reaction with HMDS produces a trimethylsilyl-substitued hydroxyl or oxide species
and unstable trimethylsilylamine. With heat, this unstable compound reacts with
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FIGURE 11,1

Adhesion promotion of a silicon oxide
surface with HMDS surface priming. The

substrate ìs first dchydrated upor-r reaction

with silane promoter. Further reaction
with heat leads to a hydrophobic surface.
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other surface hydroxyl groups to produce further ammonia and a trimethylsiloxy species'

The process continues until steric hindrance (via the large trimethylsilyl grouPs) inhibits

further reaction.
Surface priming using HMDS, TMSDEA, or similar agents can be carried out in either

liquid- or vapor-phase modes. In either case, elevated process temperatures (-100"C)
must be reached to complete the priming reaction. Substrates shouici be cieaneci prior to
application using UV ozone, HF dip, plasma, or other "oxidative" cleaning methods.

Adhesion of a photoresist to silicon nitride or deposited oxide layers can be enhanced

by using an oxygen/ozone plasma treatment. Priming agents are generally best applied

.rrltrg ,.àpot prime methods in either line or in batch vacuum ovens. Uniformity and

reduced chemical usage make this more attractive than liquid methods.

C)verprirning of a wafer surface can result in clewetting and lead to further adhesion

problems. This can occur with repeated treatmer-rt or by using excessive vaPor times.

Þroblems are often noticed in isolated substance areas, depending on device topography

or conclition. A phenomenon known as resist "1-ropping" can also occur as a result of

^,,ornrirrin.y. in *hic ¡eco hioh-flrroncr. ê¡<nÕsrrre lsuch as that encountered with heavvvvLrr¡¡lrr¡r,Õ/ rr. Lr,¡v .-.-r------ \------

UV óverexposure in ion irnplalrtation steps) can cause failure of weakened resist

adhesion. Deposition of resist debris onto adjacent substrate areas can result. Measure-

ments of resist surface tension using water contact angle techniques can identify such

overpriming problems. Remedies include the use of shorter prirning times, resist
-^1-.^.-¿- -^,.:rl- l^-^,^- -,,-ç^^^ +nnoinn .{^r1L1o rocicl r.nrfino cfpnq nr' : nretreafmpnf nfùtr-tvgllLJ vvllll l\/vv!r ourrcrLU lLrlurv¡r/ "- _^ r
the wafer surface with the resist casting solvent. Oxygen or ozone plasma treatments

--n.1.^ ¡¡rrroct "n o.y¿,rlrrimed tn¡afer sttrface a.ncl allow repriming under mclreçq¡r q¡rv Lvr¡u!( I u

appropriate conditions.-'il't" 
rtr"t-tgth of adhesion bonds between a photoresisi ancl a sttbslraie has also been

shown to influence thc T, ancl thclutal.cxptrtrsion coefficient of a thin film. Thc impact is

greatest as resist fihns approach 1000-A thickncsses [L6].
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11.4 Resist Coating

17.4.1 Resist Spin-Coating Techniques and Control

A photoresist can be dispensed by several methods, including spin coating/ spray
coating, and dip coating. The most widely used method for coating resists onto wafer
substrates are spin coating methods. During spin coating, the resist is dispensed onto a
wafer substrate (either statically or dynamically), accelerated to final spin speed, and
cast to a desired film thickness. Variations on this process have been suggested,
including the use of a short-term high-speed initial coating step followed by a slow
drying stage [17]. Spin-coating processes use the dynamics of centrifugal force to
disperse a polymeric resist material over the entire wafer surface. The flow properties
(rheology) of the resist influence the coating process and need to be considered to
achieve adequate results [i8]. In addition, solvent transport through evaporation
occurs, which can result in an increase in resist viscosity and shear thinning, both of
which affect the final film properties. As a resist-solvent material is spin cast, the film
thickness decreases uniformly at a rate dependant on the spin speed (a-r), kinematic
viscosity (u), solids concentration (c), solvent evaporation rate (e), and initial film thick-
ness, expressed by the following rate equations:

dS --t2a2h3

-:-dt 3u
(1 1.1)

(1,1.2)

where ds/dt and dL/dt are rate of change of solids (S) and solvents (L), respectively

[19]. The results are shown in Figure 11..2 for a 1"-pm film, where both solids and solvent
volumes are plotted against spin time. Initially, concentration changes little as resist
spread dominates. When the resist thickness drops to one-third of its original value,
evaporation dominates and solvent content reaches its final value. The high viscosity of
the resist eliminates further flow

0.8

0.7

0.6

0.1

FIGURE 11,2
Calculated time dependance during spin
coating on the volume of solids (S) and
solvent (t) per unit area normalized to
initial values. When the resist thickness
drops to one third of its original value, eva-
poration dominates and the solvent content
reaches its final value. (From Meyerhofer, D.,

I. Appl,phys., a9(7),39e3, re78.)
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The primary material factors that influence spin-coated film properties include the resist

polymer moiecular weight, solution viscosity, and solvent boiling point (or vapor

pr*irure). Primary process factors include wafer spin speed, acceleration, temperature,

ãnd ambient atmosphere. The thickness of a resist film can be modified to some extent

through control of fhe rotation speed of the substrate. Resist thickness in inversely pro-

portional to the square root of spin speed (o):

Thickness " + (11.3)
l(ù

To achieve large thickness changes, modification of the resist solution viscosity is
generally required because coating at excessively low or high speeds results in poor

ãoating unifoimity. Ai excessiveiy high speecis, r¡reclrariical vil¡ratic,ü aüd aii tuibulence

result i"n high leveis of across-wafer nonuniformity. At low spin speeds, solvent loss of the

resist front as it is cast over the substrate results in a situation of dynamic resist viscosity,

also resulting in high levels of nonuniformity. The optimal spin range is dependent on

wafer size. \rVafers up to 150 mm can be coated at rotation speeds on the order of 4000-

5000 rpm. Larger substrates require lower speeds.

The optimum coating thickness for a resist layer is determined by the position of

coherenf interference tròdes within the resist layer. Standing waves (see Section 11.9)

resulting from reflections at the resist/substrate interface result in a regular distribution
of intensity from the top of the resist to the bottom. This distribution results in a "swing" ilt
the requiied clearing dose (Ë¡¡) for a resist, as.shown in Figure 11".3_. Thrsr curves are

showru for polysiliõon, silicon nitride (1260 

^), 
and silicon dioxide (3700 A) coated

substrates. A general upward tend in E¡ is seen as resist thickness increases. This is due

to the residual nonbleachable absorption of the resist, which can be significant. (For a resist

with a residual absorption of 0.10 Fffi-1, the intensity at the bottom of a 1-¡rm resist layer is

90% of that experienied at the top.) In addition to this Ë0 trend, sensitivity oscillates from
rninimum to maximum values with thickness. Within one swing cycle, an exPosure vari-

ation of 32% exists for the polysilicon substrate, 27"/o for silicon nitride, and 36/o for silicon

Resist thickness (pm)
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Clearing close (81) swing curves for an lline resist over polysilicon, silicorr dioxide (3700 A), and silicon nitride

(1260Åj. Thc increasing trencl in requircd dosc is a function of residual absorption. Conclitions of minitnum

intelference leads to maximum IJ,, values but minimal scumming,
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dioxide. When a resist is coated over a dielectric layer, such as silicon dioxide, silicon
nitride, or an antireflective coating (ARC), there will be a shift in the phase of E6 oscil-

lations. Analysis of swing behavior may therefore be unique for various lithographic
levels. Coated thickness optimization can be performed using these swing curves/
determined experimentally through open frame exposure of a resist coated within a

small range of thicknesses. Lithographic modeling can aid in the generation of such

relationships using knowledge of the resist refractive index, absorption properties
(possibly dynamic), exposure wavelength, and resist/substrate reflectivity.

Inspection of the Es swing curve in Figure 11.3 suggests several possibilities for resist

thickness, of which only a few are desirable. For polysilicon, there is a minimum dose

requirement at a thickness of -1,.01- pm, where constructive interference occurs, and

there is maximum intensity at the resist base. At a resist thickness over polysilicon of

-1.06 pm, destructive interference leads to a maximum E6 requirement. Other alterna-
tives might include positions on either side of these values (between nodes)'
ThicknesÀes corresponding to these midnodal positions allow the least amount of
coating process latitude, as small deviations from the targeted film thickness lead to
significant changes in dose requirements. Greater latitude exists at maximum
inferference posiiions, where there is a minimum requirement for exposure dose,

which may be an attractive choice. Small changes in film thickness result only in
small Es variations, but the direction of these changes is toward higher clearing dose

values. The result may be scumming of resist features resulting from underexPosure/ a

situation that is unacceptable. The best choice for targeted film thickness may be at a
corresponding interference minimum, whete small thickness changes result in a small
decreaìe in the dose requirement. Stightly lower throughput may result (generally not a

gating factor in today's exposure operations) but this will ensure no resist scumming
ielateã to underexposure. Image fidelity at the top surface of a resist film is also influ-
enced by film thickness and positions on the interference curve. By coating at a
midnodal thickness, top surface rounding, or T-topping can result (see the Section

11..9 for further discussion).
During spin coating, a large amount of resist "free volume" can be trapped within a

resist layer. A simplified free-volume model of molecular transport can be quite useful
for correlation and prediction of diffusion properties of resist materials 120,2L1. (The reader

is directed to Refs. 20 and 21 for a detailed discussion of diffusion in polymer-solvent
systems.) Volumetric expansion enhances polymer chain mobility and acts similarly to

tñe addition of plasticizers. The resist's glass transition temperature (Tg) is lowered
and the dissolution properties of novolac- and PHOST-based resist can be increased

[22], Coating-included free volume has been shown to affect acid diffusion as well and

becomes a cõr,ce.n when considering reduction of airborne base contamination and post-

exposure delay.

11.4.2 Solvent Contribution of Film Properties

Residual casting solvent can act as a plasticizer and can reduce the T, of a resist. Resist

solvent content has been shown to be dependent on film thickness. 4.1000-A resist film
may, for example, exhibit 50% more solvent retention than a 10,000-A film' Fi.gure 1L.4

shows residual solvent in PHOST polymer films coated at thicknesses of 1-2,000 and

iïòo Ã. o"ì/ ;"* the resist r, ltas'i) does the solvent content for the 1100-Å film
approach that of the thicker fiim. Table 11".1 shows diffusion coefficients for PGMEA

sõlvent in the same PHOST film thicknesses, determined by diffusion analysis during
2h of baking. These results may be due to a smaller degree of inter- or intramolelcular
hydrogen bãnding in thinner films [23-25], which can allow a stronger polymer
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Back-temperature dependence of residual
PGMEA iolvent in 1100-Å and 12,000-Å

spin-cast films annealed for 1300 min.
(From Frank, C.W., Rao, V., l)espotol.rou-
lou, M.M., Pease, R.F.W., Hinsberg, W.D.,

Miller, R.D., and Robolt, R.F., Sciencc, 273,
o71 1 c)c)¿. \
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interaction with the casting solvent and lower solverìt evaPoration rates. A higher
solvent content leads to an increased clissolution rate and increased diffusivity levels.

When considering various resist solvent systems, it might also be expected that lower
boiling point (T¡,) solvents would lead to lower solvent retention than higher Ts solvents.

The opposite, however, has been demonstrated 1261. PGMEA, for instance, has a boiling
point oi 146"C and an evaporation rate of 0.34 (relative to rl-butyl acetate). Ethyl lactate
r t . 1 rr r 4r ^o- --- I -,- ^----^^--^a:^.^ -^L^ ^1n lll Tl^^-:r^ :r^ l^..'^- l^^ili-^ ^^i^fnAS A nlg,nef J b ()l l-J+ \- AllLt Art evdP(tldLlult ldlc ut v.L7. uYDyrlE rlÐ rvvvrr vv¡r¡rró yvttt.l

PGMEA is more likely to be retained in a resist film. The reason for this is a skin
formation that results from rapid solvent loss during the coating Process 1271. The
resist viscosity at the surface increases more rapidly for PGMEA as solvent is exhausted,

leading to more residual solvent remaining throughout the resist film. If a resist film is
then baked at temperatures below the butk T' densification of surface free volume is

allowed only at the top surface of the film and is prevented throughout the bulk.
Entrapped solvent therefore leads to an apparent surface-induction effect, which can

be reáuced only if the resist is backed above its T*. Because solvent content plays an

important role in determining the ultimate glass transition temperature of the resist (and

thðrefore its dissolution properties), any postcoating incorporation of solvents can also

have an adverse impact on performance. Such additional solvent may be encountered,

for instance, when using an edge bead removal process basecl on acetone, ethyl lactate,

pentanone, or clther organic solvents.

"1"1.4.3 Substrate Contribution to Resist Contamination

Contirrrrous inrprovernents have been made in the matelials ancl processes ttsed for
DUV PHS chemically arnplified resists to reduce top-surface base contamination effects.

TABLE 11.1
¡r 

^ 
õ,1 --- r :,- Dl IO ll:1.^^.- f-^--- ¿) L ^Í D^1-:-^
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Diff usion Coefficie¡rt (crn2ls)

Temperature ("C) 0.11-pm Film 1.2-pm Fihn

70

90
110

4.2 X 10'. r'l

9.4 x 10- t4

1.1 x 10- 13

1.2 )< 10- I ?

4.4 x 10- 12

1.4x10-rl

,,: 2{)l)7 by'f¡ylor & lr¡r:cis (irurp, l-Lo

. 1,100 A film
.^ ^^^ À ø--a l ¿,uuu ¡{ illil l

¡E

T

t

T

I

r

¡T

i
T

IPR2016-01376  Page 0024



Resist Processing 597

An additional contamination problem occurs when processing PHS resists over some

substrates. Resists coated over Si3Na, boro-phospho-silicate glass (BPSG), spin-on-glass
(SOG), Al, and TiN have seen shown to initiate a substrate contamination effect that can

result in resist scumming or "footing," With TiN substrates, the problem has been attrib-
uted to surface N-3 and TiO2, which can act to neutralize photogenerated acid, resulting
in a lowering of the dissolution rate at the resist/substrate interface [28]. Sulfuric acid/
hydrogen peroxide and oxygen plasma pretreatments have been shown to reduce

contamination effects when coating over Si3Na and other problematic substrates 1291.

11.4.4 Edge-Bead Removal

After a spin-coating process, a bead of hardened resist exists at the edge of a wafer
substrate. Formation of this edge bead is caused in part by excessive resist drying and

can result in resist accumulation up to 1"0 times the thickness of the coated film. Elimi-
nation of this edge bead is required to reduce contamination of process and exposure tools.

Solvent edge-bead removal (EBR) techniques can be utilized to remove this unwanted
resist by spraying a resist solvent on the backside and/or the frontside of the wafer
substrate. Surface tension allows removal of a 2-3-mm resist edge from the front resist

surface while removing any backside resist coating. Acetone, ethyl lactate, and pentanone
are possible solvent choices for edge-bead removal processes.

1"L.5 Resist Baking-Soft Bake

11.5.1 Goals of Resist Baking

Baking processes are used to accomplish several functions and generally alter the

chemical and/or physical nature of a resist material. Goals of resist baking operations
may include the following that are accomplished at various stages during resist
processing:

. Solvent removal

. Stress reduction

. Planarization

. Reduction of resist voids

. Reductions of standing waves

. Polymer crosslinking and oxidation

. Polymer densification

. Volatilization of sensitizer, developer, and water

. Induction of (acid) catalytic reactions

. Sensitizer/polymer interactions

Polymeric resist resins are thermoplastic in nature, more amorphous than crystalline,

and trave glass transition temperatures in the 70"C-180'C range. Thermal flow properties

are taken ãdvantage of during processing, in which baking steps at or near the T, allow
some degree of fluid-like resist behavior. In a fluid-like state, stress in a coated film can be

reducedãnd diffusion of solvents, sensitizer, and photoproducts is enhanced. At high
resist baking temperatures, sensitizer and polymer decomposition can occur. A proper
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choice of the baking temperature, time, and method must therefore take into account the

evaporation and diffusion properties of solvents, decomposition temperature of PAC or
PAG nnd diffrrsion nrooerties of the ohotoinduced acid and base contaminants for chemi-

lll

cally arnplified resist material.

11.5.2 Resist Solvent and I, Considerations

There is a relationship between a solvent's evaporation rate or boiling point and the

residual solvent content in a resist film. Obtaining such a relationship is difficult,
however, because residual solvent is highly dependent on the 7, of the resist. If a

baking process does not sufficiently reach the resist T' it is difficult to remove solvent
¡.,- 1^--^1^ .l-^r^-., 

^ a^-^. *^-^^*r f'laìl '|-L^ *^.ìc+ 'f ' +L^r^f^r.. nl¡-¡o rn imnnrfent rnlp in fhell) Icvclb ucl\rw €1 rgvv ytlLçrll [Jwl. a¡rL rLÞ¡ùL r g rrlLrLrvrv

evaporation mechanisms of resist solvent removal. Solvent removal has been shown to

occur in two stages: the first stage is the diffusion of solvent molecules at temperatures

near T, and their accumulation at the film surface. The second stage is the evaporation of

these adsorbed molecules at higher temperatures, dependent on hydrogen
bonding properties.

No compaction would be expected if baking temperatures above the resist bulk 7t
values were not reached. In fact, soft bake temperatures L0'C-20'C below a bulk resist

T, are frequently employed with successful results. The reason for this is that the T, of a

rôsist film is not identical to that of bulk resist. It may actually be a. great deal lower. This

can be explained by the concept of resist free volume, which is minimized if soft bake

temperatures above the bulk T* values are used. If resists are baked more than 5'C-10"C

below the actual resist film T' compaction of this intrinsic free volume generally cannot

occur [3L].
Several resist material factors affect coated PHOST film flow properties and may be

modified for optimum CAR performance. In general:

. Blocking of phenolic groups in PHOST generally results in a lowering of Tg a

consequence of the decrease in hydrogen bonding between phenolic groups.

. A 40"C-50oC decrease in polymer flow temperature (71) has been reported with
25% blocking of PHS [32].

. By modifying thc molecular weight of the PHS polymer,)Qo-:2Uo of the loss in 1'r

or T¡ cltte to blocking can be regained.

. As the number of phenolic groups is increased (relative to ú-BOC protective
groups), the <leprotectior-r ternperature is reduced.

- 
^ 
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These relationships can result is a clifficult situation if the deprotection temperature is

forced lower than the resist 7r. Further manipulation may be possible through the use of

copolymerization or by introducing additional hydrogen bonding sites.
TI^.-.-^ i- ^ t-^l^ ^ff :.- l^!.--*:-i-^ +1.^ ^-+ì-^l "..{¡ 1-.Lo lomnorr1lrro A hioh enft hnLo
lllct e r) d Lldllg-ull llt uçlçrlrlllurló ÙrlL \ryrurrcr¡ "' '^ ^_Õ^'

temperattue is desired so that the resist film 7', approaches that of the bulk, which leads to

the best thcrmal performance. Bnt at lor¡¡er soft bake temperatures, an increa-se in post-

exposuïe acid diffusion is made possible, allowing a reduction in standing waves' To

accornmodate a lower soft bake temperature, a higher postexposure bake (PEB) may be

needed to achieve adequate thermal ancl plastna etch perforulattce ¡rroperties (see Section

11.7 for an additional clescription).
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11.5.3 Soft Bake

Resist films are coated from a polymer solution, making solvent reduction of a coated
film a primary action of soft bake (or prebake) processes. Other consequences of soft
baking include a reduction of free volume and polymer relaxation, which have been
suggested to be important phenomena that resist process performance [33]. Prior to
coating, photoresist contains between 65 and 855 solvents. Once cast, the solvent
content is reduced to 10%10% and the film can still be considered in a "liquid" state.
If it was exposed and processed at this point, several adverse consequences would result.
At this high solvent level, the film is tacky and highly susceptible to particulate contami-
nation, which can be transferred through handling to subsequent steps. Also, inherent
stress resulting from casting a thin film leads to adhesion problems. The most significant
impact resulting from the elimination of a soft bake step is lack of dissolution discrimi-
nation between exposed and unexposed resist. With such high solvent levels, the
expanded resist volume allows a high degree of dissolution regardless of the state of
inhibition, protection, acceleration, crosslinking. Ideally, a solvent content of a few
percent would be desirable. Further densification could then be allowed to control the
small molecular diffusion properties. To achieve this, the baking operation must
approach the boiling point of the casting solvent (on the order of 140"C for conventional
solvent systems). At this elevated temperature, decomposition of the resist sensitizer is

likely to occur sínce DNQ decomposition temperatures are on the order of 1"00'C-1"20'C.

Some residual solvent may also be desirable for DNQ/novolac to allow water diffusion
and conversion of ketene to ICA. Complete solvent removal at prebake is therefore not
attempted; instead, adequate removal to allow the best exposure and dissolution proper-
ties is targeted. Figure 11.5 shows the development rate vs. soft bake temperature for a

DNQ/novolac resist. Four zones exist: (I) a no-bake zone where residual solvent and
dissolution rates are high; (II) a low-temperature zone (up to BO'C) where the dissolution
rate is reduced due to solvent removal; (III) a midtemperature zone (80'C-110'C) where
DNQ is thermally converted to ICA, leading to an increase in development rate; and
(IV) a high-temperature zone (greater than 120'C) where film densification occurs, DNQ
is further decomposed, and water is removed, leading to an increase in inhibition rather

4

2

40 60 B0 100 120 140 160

Bake temperature ("C)

FIGURE,Il.5
The influence of prebake temperature on dissolution rate
(Å/mln) for a novolac resin and a DNQ/novolac resist.
Prebake time is 30 min, developer is 0.25 N KOH. (From
Koshiba, M., Murata, M., Matsui, M., and Harita, \., Proc,

9PIE,920,364,1998.)
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than acceleration. Also, at these temperatures, oxidation and cross-linking of the novolac

begin [34].
Wh"r"u-s a- prebake for DNQ/novolac is required to bring the resist to a state suitable for

'- r - - - - '

subseque¡t 
"iposnre 

and development, control to * LoC is generally adequate- to ensure

consisient lithôgrap'rh-ic performance. This is not the case for chemically amplified resists

based on PHS, horr"rr"i. Because acid diffusion is an integral part of both positive and

negative acid-catalyzed resist, control of polyrner composition and density is critical.

Consideration for soft bake differs for high-, and low-Eu CAR resists, depending on the

reactivity of the resist to acid-induced deprotection. Resists with a moderate activation

ener.gy (f^¡ nua been the conventional route to positive CAR resists. By making use of

resisiÁ with lower reactivity (high E"), elevated baking processes above the polymer Tt
(- 1bO'C) allow maximum densification and reduction of the diffusion of acid-neutralizing

contaminants. This resist design concept aiso reciuces acici ciiffusion, which can resuii in an

increase in resolution capability [35ì.

11.5.4 Resist Baking Methods

The preferred method of resist bake for IC applications utilizes conduction on a vacuum

hot plate, usually in line with the entire resist process. Convection baking is another

optiôn, performed in an oven and generally used in a batch mode. Loading effects, slow

tå.orr".y, and poor air circulation uniformity present problems for convection baking with
current resist þrocess demands. Microwave and infrared (IR) baking methods have been

utilized to a limited extent, but the practicality of these methods is limited because of

substrate incompatibility and process control. Both temperature and uniformity control

are important foi baking processes, the latter becoming most critical as chemically ampli-.

fied resist requirements áre considered. To achieve uniformity, careful consideration of

the vacuum þtutu buking mechanics is required, including tempetature uniformity,
airflorq anct c;rcls tim-e. To meet the high demands of wafer-to-plate contact across an
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entire wafer, strict requirements are also placed on contamination control and resist edge-

bead removal,
Figure 11.6 shows the mechanisms involved during the first 1"0 s of baking on a vacuum

hot plate. Figure LL.6a shows that the temperature of the wafer increases with a rapid rise

during the first seconds of baking and levels off after 3 s. Figure 11.6b illustrates the solvent
loss during this time, which continues to decrease well out to 1"0 s and beyond. Figure 1L.6c

shows the shows the impact of baking time on diffusivity, which rises during the initial
few seconds and then decreases. Figure 11..6d shows a typical change in resist thickness

during baking, which decreases as the resist density increases.

11.6 PhotoresistExposure

11,6.1 Resist Exposure Requirements

Exposure of a photoresist involves the absorption of radiation and subsequent photo-
chemical change, generally resulting in a modification of dissolution properties. The

absorption characteristics of a photoresist largely influence its resolution and Process
capabilities. Resists based only on exponential attenuation of radiation (i.e., with no
mechanism for photobleaching or chemical amplification) can be limited by a maximum
allowable contrast, sidewall angle, and ultimate resolution. This is because of the inherent

absorption trade-off required when imaging into a resist film. Both maximum trans-
mission (to reach to the bottom of the resist) and maximum absorption (to achieve the

highest sensitivity) are desired. There is therefore an optimum resist absorbance value for
any resist thickness.

Ìt a resist film has a thickness f and dú is the thickness of the bottommost portion of the

resist, the intensity transmitted through the film thickness to dú can be determined from
Beer's law:

f :Ioe-"'t, (11.4)

where ¿ is the molar extinction coefficient of the sensitizer, and m is the molar concen-

tration. The energy density absorbed at the bottom of the resist is

t:_rõ_tmÌ.^ -,, ,. (11.5)u - 'ge-'^t 
(L -e-t'' 

dt) 
'-dt

Because df is small, 
"-ettr 

dt can be approximated as I-em dt and

E : Iotme ""t, (11'6)

which is maximized when emt:1. Converting to absorbance:

Absorbance : logls€emt :0.434. (11.7)

This is the optimum absorbance for a resist film regardless of thickness. In other
words, higher absorption is desired for thinner resists and lower absorption is desired
for thickei films. Ràsists for which chemical amplification or photobleaching is used

introduce mechanisms that allow deviation from these constraints. The absorbance of
a PAG for chemically amplified resist can be quite low because of the high quantum
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yield resulting from acatalytic reactions. Photobleaching resists (such as DNQ/novolac)
ãxhibit dynamic absorption properties, which can allow increased transmission
toward the base of a resist film. For these resists, other absorption considerations

are required,
The dynamic absorption that exists for DNQ occurs as exposure leads to a more

transparent ICA photoproduct. This bleaching phenomenon can be described in
terrni of Dill absorption parameters A, B, and C [36]. The A parameter describes

the exposure-dependent absorption of the resist, the B parameter describes the

exposuìe-independent absorption, and C describes the rate of absorption change or

blóaching rate. For a DNQ/novolac resist, the C parameter is conveniently related

directly io resist sensitivity because photobleaching corresponds to the conversion of
the photoactive compound (PAC) to the photoproduct (see Chapter 2 for a more
I -¡.-:1^ -¡ l:^^.-^^:^-- ^d .-^-^*^r^* ^tr ^*.^tnyizrlìnn .-ã mnr{o'lino\ Thp nhnine nf atlc td.llcu (-tlbL uùtl(,r r ul yar 4r¡ 1ç lçl Ll tqr qL LLl ¡¿q !r\/r I

specific DNQ compou.rd fot mid-UV lithography needs to include evaluation of the

unique A,B, and C parameters at the wavelength of exposure. It is generally desirable

to have low exposure-independent absorption (B parameter) to achieve maximum
exposure efficiency to the bottom of a resist layer. Several approaches exist to
minimize residual B parameter absorption of DNQ/novolac resists [37]. These have

included the use of highly transparent backbones for multifunctional PACs and

binding of the sensitizer to the novolac polymer. A larger C parameter is also desir-

able fór rnaxirnurn sensitivity. Figure 11.7 shows absorbance spectra for two
DNQ/novolac resists. Based only on the evaluation of the absorption properties of
these two resists, it can be expected that the resist with smaller B parameter ancl
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larger A and C parameters may perform better (at a specific exposure wavelength) in
terms of sensitivity, sidewall angle, and contrast.

Chemical amplification is another avenue that exists to improve the absorption
characteristics of a resist. With quantum efficiencies several orders of magnitude
higher than what can be achieved for direct photomodified resists, only a small
amount of photon absorption is needed. This can be quantified in terms of A and B
parameters, which *uy tu on the order of 0.30 pm-1-compared with the 0.90 pm-1
levels encountered with l-line materials. The downside of such high transparency for
resist materials is the increased opportunity for substrate reflection to degrade per-
formance. The effects can be manifested as a linewidth variation over reflective steps

(nothing) and a sidewall standing wave. Figure 1,1.8 shows standing waves resulting
from the coherent interference of incident and reflected radiation within a resist layer.

Reduction of these standing waves is crucial to retain critical dimension (CD) control.
This can be dealt with in either resist exposure or process stages and is ordinarily
addressed in both. To reduce standing wave effects during exposure, the reflected
contribution to exposure must be controlled. This can be accomplished by incorporating
a dye in the resist formulation. Dyes such as coumarin or curcumin compounds have

been used as additives to DNQ/novolac resists and are very effective at reducing the

reflected exposure contribution in a resist layer at g-line and l-line wavelengths. By
adding a dye, the exposure-independent absorption (B parameter) increases. The result
will be a decrease in reflection effects and standing waves and also a decrease in the

amount of energy transferred toward the bottom of the resist. This will result in a

decrease in sidewall angle, resist contrast, and sensitivity. Dyed resist for iline use is

therefore usually limited to highly reflective, noncritical layers,
Dyes that play a role in the chemistry of a resist system have also been introduced.

By transferring the energy absorbed by a dye to the photosensitive component of a

resist (for instance, through energy transfer or photoinduced electron-transfer
mechanisms), an active dye can allow reduction of reflection effects while maintaining
sensitivity and resolution. This has been accomplished in chemically amplified
PHOST resists [38]. The resultant increase in the resist B parameters in this case

leads to an increase in photoinduced chemical activity, yielding minimal loss in
resist performance. Loading of such photoactive dyes can be determined from the

preceding analysis for static absorption resists. Resist absorbance on the order of
0.434 could be expected to be best suited for optimal throughput. An alternative to
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FICURE 11,8
Resist standing waves resulting from coherent inference of incident and reflected radiation within a resist layer.

Standing wave phase and amplitude is dependant on the underlying substrate.
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dye incorporation is the use of an antireflective layer on the resist. The requirements
of current IC processes will soon demand that substrate reflectivity be reduced to
levels below 15 for critical layers. The use of such antireflective coatings (ARCs) has

become a popular practice for i-line and DUV lithography and is discussed in more
detail in Chapter 12.

'l'1.6.2 Resists Exposure and Process Performance

The sensitivity (Ëe) described earlier is a bulk resist characteristic that is useful for resist
process comparisons or non-feature-specific process optimization. Resist Es swing curves
allow, for instance, the determination of optitnum coating thickness values. Monitoring of
clearing dose requirements is also useful for characterization of exposure or development
,,-:¡:^**ìr., 'l'L*^,.-L +L^.,-^ ^f ^- ^.,^^. .o olrn.¡¡n in Eiarryo 1-l O f¡¡¡.r
UllllUIIlllly. rrlrUUórr Lllç uù9 \4 qrr !^yvÞurL rLryvrrov Lur vLl qo d¡rvvY¡ LL./t .rrv

additional bulk resist parameters can be obtained that allow further process character-
izat\on. Normalized thickness (normalized to initial predevelopment thickness) is plotted
as a function of logn exposure for a positive resist of a given thickness, exposed and
developed under process conditions. An area of linearity exists in the logarithmic relation-
ship, which can be characterized using a single contrast term:

Lilto
ï : lhl(dor")'

Lt/to

(11.8)

where / is thickness and fs is the initial coating thickness. Resist sensitivity or clearing dose
(E¡) is the point on the exposure dose axis at which the normalized thickness become zero.
A third parameter that is useful for describing resist capability is a normalized thickness
loss parameter (fp), which is an indication of the amount of resist erosion that occurs in
unexposed regions (also called dnrk erosion). An exposure response curve can be generated
uniouelr¡ for anv resist/clevelopm-cn-t process,. can be obtained from a more general
''^"1"*^J 'J --e-''t L - '- I u

clevelopment process, or can be obtained from a more general development rate curve,
described in greater detail in Scctiorr 11.8, Figtrro 11.1-0 shows a development rate
curve, where resist dissolution rate is plotted as a function of log" exposure dose for a
positive resist. As exposure is increased, the dissolution rate increases. The linearity of this
relationship can be realized on a log-log plot, but a lognormal plot is used here to demon-
strate the relationship between a development rate and exposure response curve.

{ (dark erosion)

HCURE 11.9
Normalized thickness as a function of 1og"

(exposure) for a positive resist of a given
thickness, cxposed and developed under
specific process conditions. An arca of line-
arity exists in the krgalithmic relationship
that can be characterized using a single
contrast term (y). R.esist clearing dose (Ës)

is the point on the exposure dose axis
whcre normalized thickness becomes zero
and the ¡rormalized thickness loss (Ír) is an

indication of the amount of resist erosion
that occuls in trnexposed rt'p,iclns.
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FICURE 11.,I0
Resist dissolution rate (nm/s) plotted as a function of 1og" (exposure dose) for a positive resist. Plotted also is an

exposure response curve for this resist coated at 9000 A and developed for 60 s.

Plotted along with dissolution rate in Figure 11.10 is an exposure resPonse curve for this

resist coated at 9000 Å and developed for 60 s.

11.6.3 Exposure and Process Optimization

To determine the optimum exposure dose (or range of doses) for a resist process, bulk
resist characterization needs to be augmented with feature-specific characterization. To

accomplish this, process specifications must be defined uniquely for each feature type and

size, mask level, substrate, resist, and process. This is often a difficult task because

definition on an optimum process requires operation at a near-optimum level. The task

is therefore an iterative one that can often be made easier through the use of lithographic
simulation tools.

Consider the focus-exposure matrix in Figure 1,1.1l,. Here,0.5-pm dense lines are imaged

into an l-line resist with a projection system at a partial coherence of 0.5. Resist CD is
plotted against focal position for a series of exposure dose values. The nominal focus

setting is labeled 0.0 and is typically at a point near 30% from the top surface, depending

upon the resist refractive index and, to a lesser extent, upon NA and ø (for high NA
válues). At this position, I here is an optimum exposure dose for printing a biased mask

CD to its targeted size (see Chapter 3 for a description of mask biasing). As focal position is

changed, the feature no longer prints at the target value; it is either too small or too large.

The adverse influence of overexposure is also increased. This can be understood by
considering an aerial image as it is varied through focus, as shown in Figure 11'.1'2. At
best focus, a relatively large range of exposure variation can be tolerated. As defocus

increases, a small amount of overexposure can result in a large amount of energy in
shadow areas. Underexposure can result can result in insufficient energy in clear areas.

An exposure must be chosen, therefore, to allow the greatest range of usable focus that

results in a CD that remains within the specified target range. More appropriately, a

on the required exPosure iatitude to account for within-field-
with tolerance limits on CD a ul usable

For instance, exposure la tude require-

ment and a 110% specification on CD, the optimum exposure from Figure 11.1L is
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FlcuRE 11.11
A focus-exposure matrix for 0.5-¡Lm dense line features in a positive l-line resist over polysilicon using a numeri-

cal aperture of 0.45 and partial coherence of 0.60. Resulting usable depth of focus (UDOF) is 1.8 pm for a CD

specification of * 1 and an exposure iatitude requirement o f 20'l,.The corresponding k2 value for this single layer

resist process is near 0.5.

240 mI-/ cr# arfd t.tr-e UDOF is ne.qr 1.8 ¡rm. The resulting UDOF needs to be evaluated with
rdsþécf to clevice tòpogra[rhy- It should also be noted that any change in resist process will
influence the focus. Any process enhancement methods, whether optical or chemical, have

the potential to improve focal depth. These can include the use of reflection suppression
(e.g., with an ARC), modified PEB, enhancements of contrast, and imptovements in devel-

oper selectivity. For evaluation purposes, it is convenient to exPress a normalized UDOF
through use of the Raleigh DOF kz factor:

(11.e)

The corresponding k2factor for the focus-exposure matrix of Figure 11.11 is near 0.5.

Generally, single-layer resist processes can produce k2 in the rarìge of 0.4-0.6.

FtcuRE,1 '!.'!2

Through-focus aerial images for *),,/NA2 of
,--1efocus. Images with no defocus can tolerate a

large exposure variation. As defocus is incrcascd,
the choice of optimum exPosure becomes tnote
critical.
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If a resulting k2 does not correspond to UDOF values large enough for device
topography, techniques of planarization may be required. Polymeric planarization is
one alternative but is generally not considered robust enough to allow adequate process

latitude for high-resolution IC applications. Chemical mechanical polishing (CMP)

techniques, in which substrate surfaces are polished to reduce topography, are becoming
commonplace in many IC process operations. From a lithographic standpoint, CMP can be

considered as operation that allows improvements in focal depth, CD tolerance, and

exposure dose control.
A focus-exposure matrix can also be generated for resist sidewall angle, although this is

much more difficult task than for CD. Figure 11.13a shows a sidewall angle focus-exposure
matrix and Figure 11.13b shows the corresponding array or resist feature profiles. At an

optimum exposure dose value, the base CD of the features remains tightly controlled. At
negative values or focus (corresponding to the bottom of the resist), there is a widening at

the base of features. At positive focus values (toward the lens), feature thinning occurs. To

evaluate the impact of these changes through focus and exposure, subsequent etch
process selectivity and isotrophy need to be considered. If overexposure or underexpo-
sure is used to tune CD over topography (corresponding to a shift in focal position), it is
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FICURE 11,14
Plot of mask CD vs. resist CD for an l-line
resist process. As features approach 0.45 pm,
iire iinear reiaiiorrsirip beíweerr nask ariel
resist feature begins to break down. Features
in this region require unique mask biasing to
print to their targeted size.
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likely that the resulting feature sidewall angle will not be adequate. A general requirement
for sidewall angle specification are angles greater than 85".

From these types of features-specific process evaluation techniques, it can be under-
stood .¡¡hy it is difficult to increase exposure throughput for a resist without ad.¡ersely
affecting overall performance. For features large enough that aerial image modulation is
high (i.e., there is little energy in shadow regions and sufficient energy in clear areas), there
will exist a good deal of exposure latitude and UDOF so that some degree of exposure
tuning is possible. As features approach R:0.5f /NA in size, the situation becornes chal-
lenging for conventional binary masking and single-layer resists.

Linewidth linearity has already been discussed as it applies to optical imaging systems.
Photoresist materials also behave with a nonlinear response to exposure, which can be
seen in the exposure response and development rate curves in Figure 11.9 and
Figure 11,10. These nonlinearities can be used to take advantage of the lithographic
process. Because the modulation need for small features is much lower than for large
features, it would be expected that a resist that reacted linearly to exposure would do a

poor job of faithfully reproducing mask features below 1llNA in size. By tailoring the
exposure and dissolution response properties of a resist to operate in a specific desirable
nonlinear fashion (nonlinearity itself does not imply added capability), the linearity of the
entire lithographic process can be improved. Figure 11.14 shows a plot of resist CD vs.
mask CD for an r-line resist process. Only as features approach 0.45 ¡Lm in size cloes the
l:-^^*.^l^!:^,.-Li,.1.-,.r..,,,^,. r1.,,,-^-1, ^,.,1 Fl-,,..,...i.r É,..,¡,,,.^ h^-i,. r'., h,.^-1, .l^,^,^ trnrF,rvacllllçql ¡çlotlv¡tDtlry uglvvgçrr Lr¡ç rlrqJN q¡ru ll urólll rv v¡Lsr\ vvvvrr'

in this region require unique m¿rsk biasing to print to their targeted size. The situatior-t

becomes more complex as various feature types are considered and resist linearity down
to the rninirnum size of device geometry is desirable

T'1.7 Postexposure Bake

A ¡rostexposule bake (PEB) of a DNQ/¡rr.rvolac rcsist br'irrgs al,¡out chclnical ar-rd physical
actions sirnilar to those for plebake. By subjecting resist films to a predevelopment bake
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step at a temperature higher than used during prebake, some DNQ decomposition prior to
exposure can be reduced. By baking exposed resists at temperatures on the order of 5'C-
15"C higher than prebake temperatures, solvent content can be reduced from 4o/"-7o/o

(prior to exposure) to 2%-5%. Whereas prebake is generally performed to bring the
resist into region II in Figure 11.5, the elevated temperatures used for PEB places the
resist toward region III. The most beneficial consequence of a PEB step is, however, not
an extended action of earlier bake steps, but instead a significant impact on standing wave
reduction via thermal flow [391. During exposure over a reflective substrate, coherent
interference produces a distribution of intensity within the resist film. The nodal
spacing is a function of the resist refractive index (ni) and wavelength:

(11.10)

The amplitude of the resist standing wave will be affected by absorbance of the resist (4,

which may be dynamic if resist bleaching occurs), resist thickness (/), and reflectance at the
resist-air (R1) and resist-substrate (R2) interfaces [40] resulting in a wing effect where

Standing wave "swing" : 4\ÆrRr"xp(-aú). (11'11)

Interface reflectance values (R1 and R2) are determined from the complex refractive
index values of the media involved:

Renectance : (m)' $r.12)

In addition to resist and substrate contributions to interference effects, exposure source
characteristics need to be considered. The coherence length (1") for a radiation source is

determined on the basis of the source wavelength (l) and bandwidth (A,l) as

¡": t. (11.13)'c 
^l'

As the resist thickness approaches the source coherent length, interference effects
(standing waves) become negligible. A typical coherence lengih for l-line stepper tools
may be on the order of L0 pm. For a 248-nm lamp-based step-and-scan system,I" may be

Distance between nod.es : +

Unexposed
resist
(PAC)=1.0

FIGURE 11.15
Distribution of photoactive compound (PAC) as a
result of standing-wave resist exposure. Unex-
posed regions of the photoresist contain PAC,
exposed regions contain photoproduct. Because
the resist temperature is near or above its ?r, the
PAC can effectively diffuse through the polymer
matrix to reduce the effective standing wave in
the developed resist sidewall.

Unexposed
resist
(PAC)=0
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on the same order, but as excimer laser lithography is pursued, a 103-104 factor increase

occurs. Although it is not expected that a resist would be coated to thicknesses
approaching 10 prn oÍ more, the ar-ralysis offers insight into the increasingly critical
còi1cetn with standing wave control. Considered together with the higher transparency
(low ø) of a chemically amplified resist, it becomes obvious that resist imaging over

reflective substrates using an excimer laser source would be difficult without employing
means of control or comPensation.

To dernonstrate the impact that a PEB step can have on resist standing waves, consider

Figure 11.i5. Unexposed regions of the photoresist contain a photoactive compound,

exposed regions contain photoproduct, and the boundary between them is ctetermined

Uy tne constructive and destructive interference nodes of the exPosure standing wave. If
the resist temperature is near or above its Tg, the PCA can effectively diffuse through the

-^1-,,-^- maryiv o-.1 -"^.lrrnê âñ ^.ro"^oì.o offpct âr.fogs lhe ¿'xnosed /ilirexr;risg<lyvrJrrrwr rrrqr^!/\ *' "^*ö^-'þ I

Loundary. This PAC diffusion is a function of the resist T' the PAC size aud functionality,
bake time and temperature, remaining solvent concentration, resist free voiume, and (for

DNQ/novolac, for instance) any binding between the resin. Figure 11.16 shows the resist

standing wave pattern as a function of the PAC diffusion length.
For chemicalþ amplified resists based on thermally induced acid reactions, PEB is used

to accomplish critical chemical stage and must be considered nearly as critical as exPosure

in terms of control, uniformity, and latitude requirerrrents. The concept of a bake "dose"

control is a convenient comparative metric to exposure dose coutrol for acid-catalyzed
deprotection (positive resists) or cross-linking (negative resists). An Arrhenius relation-

ship exists between PEB and exposure, such as that shown in Figr-rre 11.17 [14]. Here,log
(exposure dose) is plotted against 1/PEB, from which an effective Ëo can be determined.
Whereas exposure uniformity on the order of *1% is a current requirement for resist

No
diffusion

10 nm

20 nm 30 nm

40 nm

Ftcr.JRE 11.16
Simulatecl stancling-wave pattern in cleveiopecl resist as ¡r flt¡rction of irrt:reasitt¡; l'AC diffusiorr length.
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FIGURE .I1.17

Arrhenius plot or resist sensitivity vs. PEB

temperature for a DUV CAR resist. Dose

required to print 0.5-¡Lm lines with a 90-s

bake is plotted against L/PEB temperature'
An effective activation energy can be calcu-
lated from such a plot (130 kJlmol in this
case). (From Sturdevant, J., Holmes, S., and
Rabidoux, P., Proc. SPIE,1672, 114, 1'992.)
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exposure tools, it can be expected that PEB control should be at least as critical. The rate of

thãse reactions is a function of the acid concentration, the activation energy of the

protected polymer, the diffusivity of the acid, and the PEB conditions.
Acid diffusion in PHS chemically amplified resists is generally on the order of 50 to a

few hundred angstroms, limited by resolution requirements. If neutralization of acid

occurs/ the exposed resist dissolution rate decreases. If environmental contamination
occurs after exposure and prior to PEB, a thin, less soluble inhibition layer forms on the

top surface of the resist, which tesults in the formation of a characteristic T-top upon
development, as shown in Figure 11.L8. Any delay between exposure and PEB (known

as postexposure delay, PED) allows this phenomenon to occur. Early material PED time

requirements were on the order of a few minutes. Current generation resists allow delays

.tp to r"rreral hours. It is important to realize, however, that acid neutralization can begin

immediately upon exposure and performance must be evaluated for the specific resist

pïocess conditions and process tolerances. Low-Eu resists do not require elevated PEB

lemperatures for reaction, which can minimize the control requirements for this Process
step. These resists control tolerate high baking temperatures, which may introduce

adâitional stability problems. Choice of the PAG is less critical, allowing choices with
smaller cross-sections than those needed for high-activation-energy materials' Diffusion

Amine contamination Resist T-topping

PEB/
development

4

F¡CURE 11.18
Environmental amine contamination of a chemically amplified (PHS) resist resulting in "T-top" formation after

development.

z Exposed
Þ resist

Þ¡'
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Þ". H.
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properties are also based on size and shoulcl be evaluated uniquely for resists of
either category.

When determining PEB requirements for deprotection, postexposure solvent content
and polymer density also need to be taken into consideration. Temperature control on
the order of 0.1'C may be required, with uniformity needs on the same order over
wafer diameters approaching 300 mm. Material improvements may relax this require-
rnents somewhat, but control to a few tenths of a degree can be expected as an
upper lirnit.

An additional improvement brought about through the use of a PEB step is a potential
increase in resist development rate properties, specifically thc dissolution rate log slope
(DLS) as discussed in the development section [42]. This occurs as a result of the decrease

in resist dissolution rate especially at the resist surface, which is more prollounced in some
*^-i-r- +tr ^- i- ^+L^* Il-'.^ã,.^ì¡n +1"^ or.tfo.o r{iccnlrr}ìnn ralo rrnawnnqcrl film otncinn ¡nnagÞIùlÞ l¡lqll ut vlllLr! uJ lruuLlrl /rr ru!ç/

be reduced, resulting in an increase in sidewall slope and an improvement in Process
latitude. The surface modification is a result of solvent loss and a possible surface
"skin" effect, enhanced by resist modification at elevated temperatures.

For optimal process performance, PEB processes for chemically amplified PHOSTresists
cannot be considered separately from soft bake steps. There are trade-offs between high
and low levels of each. During soft bake of a chemically amplified PHOST-based resist,

stanciing waves can be reduced through use of iower temperatures, which ailow an
increase in acid diffusion across the exposed/unexposed resist boundary. To reduce
T-top formation, a high PEB is also desirable. Through use of high PEB temperatutes,
deprotection can occur even with some degree of reduced acid concentration at the resist
top surface. This low soft bake, high PEB combination can result in additional undesirable
phenomena. When the resist film is allowed to retain a relatively low T", pattern defor-
mation can result from rapid PHOST deprotection and subsequent gas evolution at high
PEB temperatures. A stepwise PEB has been suggested as a possible solution [43]. An
initial low-temperature stage removes protective groups from the bulk of the resist with

1 L. 
^ 

I : I ^^ f^11 ^-.-^ a^ ^-l^^- ^..-î^^^ l^^-^ltullllttuln uelotltlallolt. f\ ru8rt-tenlPcrarurc 5[d8e rurruws L(, cllltdltLc ruP-sLrItcrLs uePru-
tection and reduce T-top formation.

As discussed earlier, intrinsic or added free volume will affect the glass transition
and dissolution properties and deprotection mechanisms of phenolic-based photore-
sists. The CAR deprotection reaction itself has also been shown to contribute
additional free volume [aa]. Exposure of PEB-induced variation in resist density can

affect dissolution uniformity and CD control. This added influence of exposure and
PER can lead to complex relationships and increasecl control requirements. 'Ihe depro-
tection and densification mechanism can best be separated in resist systems with low
activation energies.

11.8 Resistf)evelopment
r 1 1 -1 ,,--r l-,--I^----^ ,-1^ ^-- ^-"--^^ lj-^].j--- L:^¡/^--.t^-;l^\ ^;^t\eSISL SySlellls UASe(t ()It :j()lVeltl LrCVeruPrrleltt/ btlr-lt d¡! (,r(JÞ>-lttlNrl 1ö ur5\dr y]d/'rsc)"LLr'

polyisoprene negative resists, requir:e some degree of swelling to allow removal of
^^l.,Lt^ ^^l-'*^- ^l-^:^- ^* {'.^,' ^^^r. lAAl '|-,' L,r^^ r¡oicl nr}forn rlo{n¡mrlinn fn q
Dl(rluulç yurllr1çr Lllqrllo v¡ rrqó¡rrL¡ltr [:wl. rru¡ur rq!.r
rninimum, a series of solvents is generally needed for development, with careful consider-
ation of kinetic ¿rnd thermodynamic properties [46]. The development of resists based on
novolac, PFIOSI or othel acrylic lesins involves sinrilar clissolutiorr stages b¡"tt clcles uot
reqrrire srrch aclverse swelling for ciissolution [4749|
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F¡GURE 11.19
Diagram of a three-zone novolac dissolution
model with a gel layer containing water, base,

and hydrated, partially ionized novolac
chains; a penetration zone.
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11.8.1 Dissolution Kinetics of Phenolic Resin Resists

In novolac resins, a narrow penetration zone is formed as water and hydroxyl groups are

incorporated in the novolac matrix. This zone is rate limited and does not encompass the

entire resist layer, allowing dissolution of resist with minimal swelling. Following
the formation of this intermediate layer, phenol is deprotonated and the resulting phenolic
ion reacts with water. The negative charge of the phenolate ion is balanced by the devel-
oper cations. Upon sufficient conversion of phenol groups, the polymer is soluble in
aqueous alkaline developer. A three-zone model has also been suggested, as shown in
Figure 11.19 [501. These zones exist during novolac development:

L. A gel layer containing water, TMAH (base), and partially ionized novolac. The

thickness of this layer depends on depends on agitation, novolac microstructure,
and the developer cation.

2. A penetration zone with a low degree of ionization. The thickness of this zone

also depends on the novolac structure as wall as the developer cation size

and hydrophobicity.

3. Unreacted bulk novolac resist.

The resulting dissolution rate of a resist material is determined by the formation of the

gel and penetration layers and the subsequent dissolution of the gel layer into
the developer.

In DNQ/novolac resists, exposure of the PAC leads to photoproduction of ICA, which
acts as a dissolution accelerator. First-order kinetic models for development are based on

this mechanism (see, for instance, Chapter 2). DNQ in sufficiently high concentrations
(5-25 wt%) also acts as a dissolution inhibitor or the phenolic novolac resin, decreasing

its hydrophilic nature (enhanced development models described in Chapter 2 also account

for this phenomenon). This inhibition effect can also be accomplished with other compa-

tible compounds and it not limited to DNQ, It might be reasoned that a similar mechanism

would exlst for PHOST resins, but this is not the case. Although the dissolution of novolac

can be decreased when combined with DNQ by as much as two orders of magnitude, the

high dissolution rate of PHOST is not significantly reduced. This can explained by consid-

ering the hydrophilic nature of both materials. Novolac is, for the most patt, a

hydrophobic resin with hydrophilic sites created when developer reacts with hydroxyl
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groups. These phenolate ion positions allow a diffusion path for development. The sites of
hydroxyl groups are only potential hydrophilic sites that can be tied up or isolated by the

polymer's large aromatic rings. PHOST is a vinyl oolymer with no aromatic rings in the

backbone. Hydroxyl groups exist in a "corkscrew" configuration along the polymer chain,

a.llowing ver¡z effuctive diffusion paths and extremely high dissolution rates.

The dissolution kinetics of chemically amplified resists based on PHOST are also quite
different from those for DNQ/novolac. Whereas the dissolution of novolac resins is

determined by two competitive reactions (inhibition by the DNQ and acceleration
resulting from the developer-induced deprotonation of the novolac), there is one

prirnary rate-determining stage for two-component PHOST chemically amplified resists.

A similar developer-induced deprotonation of phenolic hydroxyl groups has been shown
to dominate for negative resists, whereas developer penetration into hydrophobic Í-BOC-

protected PHS is rate d.etermining for positrve resrsts [5i].

11,8.2 Development and Dissolution Rate Characterization

Development of conventional resist materials is based on imagewise discrimination. To

understand and optimize photoresist development, it is necessary to characterize
exposure-dependent dissolution properties. As discussed earlier, the extraction of
development rate and exposure relationships allows tremendous insight into the
imaging capabilities of a resist process. Shown in Figure 1"1".20 is a family of normalized
thickness versus development time curves for a resist rriaterial expose(ì a{ vai'ious dose

levels. Such curves can be obtained using laser interferometry techniques and separate

substrate exposure 152,531or a single substance and multiple exposures [54]. A develop-
ment rate vs. exposure cutve such as that in Figure 11.21 can be produced from a family of
these dissolution curves. To characterize fully the dissolution properties of a resist
throughout its entire thickness, a rate curve may not suffice, because development rate

is a- fr-rnction of resist thickness. Surface inhibition reduces the development rate signi-
ficantly at the top surface of the resist. Figure 11.22 shows a development rate vs. resist

thickness curve demonstrating that development rate increases from the top surface of the

resist toward the bottom.
When development rate and exposure are plotted in a log-log fashion, as shown

I,-igure 11.23, a linear region exists that can be descried in terms of a development rate

log slope (I)ì,S):
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Æru*=1 10 nm/s
Æm¡n=O.1 2 nm/s
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FtcuRE 11.21
A development rate vs. relative exPosure curve
from Figure 11.20.
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Dissolution rate contrast can be expressed as

B0 100

(11.14)

Contrast (11.15)

where R,,.u* and R-1n âr€ the maximum and the minimum development rates, respectively.
Together, DLS and dissolution rate contrast are effective measures of the dissolution prop-
erties of a resist material. High levels of both metrics are desirable. Control of the resist and
development properties can be used to some extent to influence performance. A moderate
contrast value near 10,000 is generally sufficient. As development normality is changed,
R-o* and R,'1i¡ âr€ both affected (as long as base concentration does not fall below a critical
level, pH -12.5),but their ratio and the shape of the curve remain fairly constant [55]. The
R^u* is primarily a function of the polymer itself [55]. Major resist, sensitizer, and solvent
factors that influence development rate include:

. Polymeric structure

. PAC/PAG/inhibitor structure

. PAc/PAG/inhibitor concentrations (DNQ/loading > 20%)

. Protection ration (PHS protection ration >25%)

DLS : ðln(dev' rate)

dln(dose)
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A development rate vs. resist thickness curves/
showing distribution of dissolution properties
through a resist film.
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Log development râte vs. log exposure dose.

I)issolution rate performance can be evaluated
in terms of the slope of the linear region of the
curve anc{ the R,."*//{-¡,. ratio.
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. Solvent concentration

. Polymeric molecular weight (greater than 1.3 x 104 g/mol)

. Polydispersity (iess than 3)

. Developer composition (metal ion vs. TMAH)

. Developer cation size and concentration

. Resist surfactant

. Resist dissolution inhibition/acceleration state

o Developer Sr,lrfactant

Hydroxyl group positions on PHOST polymer also affect the dissolution rate, a function of
hydrogen bonding and steric hindrance with the polymer backbone [56]. Copolymers of
2-and 4-hydroxystyrene have been shown to allow control of PHOST dissolution ProPerties.

i 1.8.3 Developer Composition

Phenolic strain-based resists can be developed using buffered alkaline solutions such as

soclium metal silicates. These metal silicate developers yield a maximum development
latc and low dark erosion, comparecl with most othcr developcr choices. Possible mctal

, - --: - - ': --^ -r 1..-.:^.... l-^.. -..^-1-. .,1;--:..^r,,.I &L,. ,,-^ ,.f IL:.' ^l^.'. .1,.",'1..^^..loll colIILìIIuIldtl()Ir ul ugvlucS tldÞ rlcdlly ultlltllldtsLr rllE uùs ur LrrrD Lrqòr uç vt¡vyLr/

however, in favor of metal-ion-free tetramethylarnmonium hydroxide (TMAH). F'urther-

rnore, standardization of TMAH developer formulations is becoming wiclespread becattse

having no requirements for coexistence of several developer types is more econornical and

allows better quality control. 'fhe larger cross-section of TMH compared with NaOH leads
! r ,-. r-,--1 -.^r.-^ ,.-Lr^L *^,. -^-,.1¡.:,- 1^.^,^*..^,^-1-;-- -^--l+i.,.i+i^- "t"\/f AIJL() l()wgI Lrcvert)Prtlcltt IdLeÞ/ vvltl(-ll rrrcly rcburL llL 1\/vvçr vvvrr\r¡ró ùL¡Lorrrv ¡rrLo. ¡

cleveloper concentrations in the range of 0.2-0.3 N allow sufficient sensitivity with high
^nnrr^-Í ^ná minimrrm orncinn A O)h Nj ".nlrrtinrr has hpcome a Standat'd fOf mOStLtrllLt(lJl qltu llL¡¡l¡r¡lu¡ll Lrvúrv

overseas resist processing,
In ¿rddition to TMAH, surfactants are added to a developer to reduce developrnent time

and scurmning. Surfactants are used as aclditives to photolcsists, chetnical etchants, and
clevelopers to irnprove sulface activity or wetting. 'IMAH developers often employ
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surfactants at the ppm level to reduce surface tension. Surfactants are especially useful for
improving the dissolution of small-surface-area features such as contacts or small space

features, By increasing the effective wetting of the developer, scumming problems can

be minimized and overexposure- or overdevelopment-induced process biases can be

reduced. Also, through the use of developer surfactants, initial development inhibition
at the resist surface can be reduced. Additives used for resist developers are mainly of the

nonionic variety with hydrophilic and hydrophobic structural characteristics, such as

ethylene oxide/propylene oxide block polymer segments with molecular weights near

1000. Concentrations may be up to 800 ppm or 0.05 wt.%. Surface tension decreases as the

concentration of surfactants increases until a critical micelle concentration (CMC) is
reached. This CMC level represents an equilibrium state at which aggregation begins.

Very small changes in the structure of surfactant molecules have been shown to result
in large change in resist development performance. The number and location of hydroxyl
groups in the molecular structure of surfactant determine the activity of surface dissol-
ution during development [57], The behavior of developer surfactants also depends on
resist material properties. Resists that have a larger degree of surface hydrophobicity
benefit most from surfactant additives and have been shown to be less dependent on
surfactant type. The benefits gained for a particular resist therefore depend on unique
resist and surfactant properties and interactions. Figure 1L.24 shows how surface agents

acting at a resist/developer interface enhance the surface activity by decreasing surface

free energy [581.
In addition to the chemical composition of the developer, the concentrations of hydroxyl

ions, developer cations, and anions have been shown to strongly influence the dissolution
rate of pure novolac films [59]. As the cation concentration is increased, a linear increase in
dissolution rate occurs at a constant pH, apparently independent of anion concentration

[60]. The structure of the developer cation and anion will determine the maximum allow-
able concentration before a decrease in dissolution rate begins. Along with the dissolution
dependence on the size of the developer cation, its hydrophilicity and T, of the partially
ionized novolac also influence the development rate [6L]'

Development temperature is important and requires tight control. This is true not only
for the bulk development reservoir and plumbing but also for the development bowl and

development atmosphere. The rate of dissolution for TMAH developers follows an

oooooooooooooooo
oooo oooo
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FtcuRE 11.24
Orientation of surface molecules (center) at a
hydrophobic (top) /hydrophilic (bottom) inter-
face. The surfactant molecules are oriented so

as to lower the interfacial free energy. (From
Florus, G., and Loftus, 1., Proc. SPIE, 1672,328,
1992.)
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Arrhenius relationship

, tDl
k : Aoe """", (i1.i6)

with an apparent negative activation energy (8") [621. The reason for this is a highly
exothermic sequence of deprotonation steps. A decrease in development temperature
results in increased activity, which may seem counterintuitive. This is not the case for
development with NaOH or developers with similar chemistry because no exothermic
reactions exist.

't'1.8.4 Develonment Methods
- - - --'t--- --

Resist dissolution properties are highly dependent on the development method
employed. Development methods commonly used for conventionally coated wafer
substrates include static immersion, continuous spray with slow rotation (-500 rPm),
and stationary or slow rotation puddle development.

Spray clevelopment involves one or more spray nozzles to dispense developer toward
the wafer substrate. Processes using ultrasonic atomization of developer allow relatively
low velocity dispersion and minimal adiabatic cooling effects during the dispensing. For

conventional spray development, the resist dissolution rate has been shown to be rela-

tively insensitive to spray nozzle pressure but linearly dependent on spin speed [63]. With
ultrasonic spray development, dissolution variation and resist erosion can result from
poor control of the nozzle spray pattern. Dissolution rate and uniformity are also depen-

dent on the uniformity of the spray pattern directed toward the wafer. To minimize
nonuniformities, wafer chuck rotation must be carefully controlled at fairly low speeds

(100-500 rpm) to ensure adequate developer replenishment. For these reasons, along with
the excessive developer volume dispensed during processing, puddle Processes are now

, 1--- l-i^l- --^1----^^ -^--^l--^a:^^lllost corlltlLull lur IuËll-vulLlrrlc PluuuLtIUlr.
Puddle development techniques can improve the tool-to-tool matching of development

processes. In addition, the control of puddle development processes over time is signi-
ficantly better. For optimal performance, flow is kept low to reduce variations in
development rate at the edge of the wafer. The dispensed volume or developer should
also be kept low to minimize chemical costs and back side wetting but not so low as to

cause localized nonuniformities or scumming. The dispensecl voltrme sh<lulcl be carefully
controlled to ensnre full and uniform coverage of the entire resist surface. During a puddle
development process, slow rotation or single rotation may be used to disperse trapped air
and provicle agitation. If a surfactant-free developer is used, an increase in dispensing
pressure rnay be reqr-rired to enhance resist wetting'

'I'here are severai tracie-offs to consicier when making a choice beiween spray, puciciie,

and imrnersion rnethods. Although immersion development can lead to minimum
erosion by physical removal of a resist, it is not well suited to the in-line processing

that now dorninates in production, During puddle clevelopment, chemical activity
decreases with time as the small developer volume becomes exhausted, a situation
that is not encountereci ciuring immersion processing. Tirer'e ihj ¿r rltore subile diftt-tei,ce
between thesc two techniques as the depletion of developer additives is cousiderecl.

At i-rpnr levels, sui'faciants can be exhausted during static immcrsion development,
significantly changing the chemical nature of the developer with time. Because

puddle development introduces fresh chemistry for every wafer, consistent wafer-
lo-wafer developrnent can be ensurecl. A multiple-puddle rnethod of cleveloptnent

[6a] is now commonplace in wafer processing ancl usually involves tow clevelopment
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FlcuRE 11.25
Resist film thickness vs. exposure dose for
irlterrupted double-puddle (DP) development
and for 50'C warm-water intermediate
development bake (IDB) showing improve-
ment in resist contrâst with IDB. (From
Damarakone, N., Jaenen, P., Van den Hove, L.,
and Hurditch, R., l. P roc. SP IE, 1262, 219, 1990.)

30 21 24

stages. The process consists of dispensing developer onto a wafer and allowing it to
remain for a short time (L0-20 s). It is then spun off and a second puddle is formed and
allowed to complete the process (20-30 s). Although such multiple-puddle processes

serve to replenish developer to the resist, the effect that makes this technique most
attractive is an inhibition that occurs between development cycles. The dissolution of
unexposed or partially exposed resist will be preferentially slowed at the location of the
resist front after the end of the' first development step. This phenomenon can be
enhanced if rinse and spin-dry steps are added between development cycles [65]. The
inhibition may be a result of base-induced oxidation or azo coupling of the novolac. It
has also been suggested that a surface modification occurs with interrupted develop-
ment and an increase in surface energy can enhance resist dissolution discrimination

[66]. Multiple-development-step processing has been also reported and variations on
these techniques are now widespread [67]. Intermediate development baking processes

have also been investigated [68]. Figure 11.25 shows resist film thickness plotted as a
function of exposure dose for double-puddle and warm-air intermediate development
baking processes. Resist contrast is effectively increased with the use of the warm-
air bake.

It is important to rinse remaining chemicals from the wafer surface after development
because inadequate removal can result in high defect levels. Both a top-side rinse and a

back-side rinse are needed to remove developer and contaminants that could be trans-
ferred to subsequent process steps.

11.8.5 Development Rate Comparison of í-Line and DUV Resists

Although similarities exist between the dissolution properties of DNQ/novolac and
PHOST-based chemically amplified resists, comparison of these materials demonstrates
salient differences in their performance and capabilities. Development rate curves are the
tool best suited for this type of comparison. Shown in Figure 11.26 arc development rate

curves for an i-line DNQ/novolac resist, a negative DUV chemically amplified resist, and
a positive DUV chemically amplified resist [69]. The negative DUV resist is a three-com-
ponent acid-hardening resist based on a phenolic resin (PHOST), a melamine cross-linker,
and a photoacid generator [70]. The positive DUV resist is a ú-BOC-protected PHOST
and a photoacid generator [71]. The rate curve for the i-line resist (Figure 1\.26a) shows

-----r- 2014Q s DP control
---+--- 20140 s IDB

1--- -|}
---a----
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FIGURE 
,I1.26

Log deveiopment rate curves for (a) an I-line DNQ/novolac resist; (b) a negative DUV chemically arnplified resist;

ancl (c) a positive DUV chemically amplified resist. Skrpe is the development rate 1og slope (DSL). (Frorn ltani, T.,

Itolr, K., and Kasama, K., Proc. 5P18, 1925,388, 1993.)

a nonlinear dissolution rate that can be divided into three regions. The ability of this resist

to achieve high contrast (y) is evident from the steep development rate log slope (DLS). A
large clevelopnrent rate contrast (1ì*o*//{-i.) also exists, leading to high sensitivity ancl

iow erosion properties. Figure 7i.27a shows an Arrhenius piot íor ihis resist, where
distinct regions also exist: (I) a high dose, low-temperature region where Ëo is small and

positive, (II) an intermediate region where Eu is negative and decreasing, and (III) a low-
ilose, high-temperature region where Eo is positive and comparatively large. These results

can be compared with the development rate curves for the negative DUV resist
(Figure ü,26b anci Figure ä.27'D). in this case, a rnocierateiy irigir DLS exisls, crnd w-hen

compared with the l-line resist, it would be expectecl to coincirie with worse lithographic
1 'Tl, - ^,-,-l----:,-^ 

--l^r ^L^-.-^ ^ ^^-^!^-r Í: ^^) ^,i^ñ,r^!- lL^r ^^l-' n¡a +n¡¡Finnpgrl()rltlancc. I ltc 1lt.IltctltuS Prut b¡l(,vv> cl LUlrÞtcllrr Ld dltu 5uó6cJtÞ rrr(ir vl(rJ vtt! rLq!rturr

mechanism governs development rate. Þ-igure 11,.26c and Figure 11..27c show plots for the

positive DIIV resist. The DLS value is rnuch greater than that for cither the l-line or the

negative resist. Ihe Arrhenius plot also suggests it single dissolution mechanisnt, but a
saturation of Eo appears to exist at higher closes. At these high doses, deprotonation of

,,) 2{)07 by'l'nylor & li¡ncis Group. LI-C

Developer temp.=23'6

Slope m=-4.5

Developer temp.=26'6
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Developer temp.=23"C
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FIGURE 11.27
Arrhenius plots for the three resists in Figure 11.26: (a) an Arrhenius plot for the l-line resist where three distinct

regions exist; 1t¡ a high dose/low temperature region where Eo is small and positive, (II) an intermediate region

wñere Ëo is negativé and decreasing. and (III) a low dose/high temperature region where Eu is positive and

comparatively large; (b) a constant Eu for the negative CAR suggests that only one reaction.mechanism Soverns

devËlopment'rateånd (c) suggests also a single dissolution mechanism for the positive CAR but a saturation of Ë"

appears to exist at higl, er dos-e-s where nation of hydroxyl groups at the PHOST becomes rate determining, similar

tå the mechanism for the negative resist. (From Itani, T., Itoh, K., and Kasama, K., Proc. SPIE, L925,388, 1993.)

hydroxyl groups at the PHS becomes rate determining, as in the mechanism for the

nãgative rãsisi Figure 11.28 shows the proposed dissolution model for the Positive
pÙV chemically amplified resist. Figure 11,.29a and b show development rate curves for

a three-component positive DUV resist that includes an additional dissolution inhibitor
an¿ variousl-gOS protection levels and molecular weights [72]. Shown in Figure 11.30 are
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TICURE 11,28
A proposed dissolution model for positive DUV chemically amplified resist derived from Arrhenius plot
analysis. Two situation are considered: (a) before deblocking when TMAI{ penetration is prevented by strong
lrydroplrobicity aird (b) after de.blocking. (From ltani,'1'., Ibh, K., ancl l(asama, K., Proc,5P18,1.925,388, 1993.)

plots of dissolution rate and log slope as a function of itÌhibitor concentration for a three-
component PHOST chemically amplified resist [73]. Increasing both the protection ratio
and the inhibitor concentration results in higher R,r,o*/R-i. contrast and DLS values.
Strong surface inhibition effects can limit the practical levels. The optimum protection
ratio from Figur"e 11.30 is on the order of 30'/.-35% with an inhibitor concentration of
3% PAG. Structure modification, molecular weight polydispersity, and polyrner end
groups can allow further improvements.
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FtcuRE 1 1.30
Plots of dissolution rate and log-slope plotted as a function of
protection ratio for a three-component PHOST chemically resist.
(From Itani, T., Iwasaki, H., Yoshin, H., Fujimoto, M., and Kasama,
K., Proc. SPIE, 2438, 91, 1995.)
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Preferential dissolution conditions for positive PHOST chemically amplified resists can
be summarized. A high R-o*/R-i. contrast is desirable, but not so high as to result in
severe resolution of sidewall standing waves (some low contrast behavior is desired to
reduce sensitivity to small oscillations in intensity at threshold levels). Because R-u* is
primarily a function of the polymeric resin, maximizing the R-u"/R*i. dissolution
contrast ratio generally involves reduction of unexposed resist erosion. As shown
earlier, a ratio above 10,000 is desirable but probably no greater than 50,000 should be

expected. A large DLS is more important and can be controlled to some extent by the resin
molecular weight.

1.'1.',9 Es and CD Swing Curve

Coherent interference resulting from substrate reflectivity will result in a swing of inten-
sity distributed within a resist film. This will correlate to variations in clearing dose (Ë6)

and CD throughout a resist layer. The swing in Ës is dependent only on the coherent
interference of radiation within the film and can be predicted on the basis of knowledge
of the coupling efficiency between the resist and the exposure variation. The only require-
ment for predicting the Es swing is that the distribution and conversion efficiency of the
sensitizer reaction be known, making it independent of resist dissolution characteristics.
In other words, only the photospeed of the resist influences the E6 swing. Figure 11.31

shows the relationship between the Es swing ratio and exposure clearing dose (86) for
several resist systerns [74]. The swing ratio has been calculated from Equation L1,.LL.

Because higher bleaching efficiency leads to higher resist sensitivities, the relationship
shown in Figure 11.31 makes sense from the standpoint of resist absorbance. Increased
nonbleachable absorbance will lead to lower swing ratios, as can be demonstrated by
adding a dye to a resist. Figure 1i.32 is a plot of E6 swing vs. exposure-independent
resist absorbance (B parameter). As resist absorbance increases, swing decreases.

The independence of E¡ swing on resist dissolution, along with the ease with which E6

values can be measured, makes it an effective method for resist coat characterization, as

seen in Section 11.4. The swing in CD is not so straightforward because it is influenced by
the resist process and dissolution properties. Resists process exposure latitude (or the

Dissolution
¡nhibitor
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Ì.¡GURE I ï.3i
Plot of normalized E¡ vertical swing vs. E¡
for several hypothetical resist systems. (From
I{ansen, S.G., Hurclich, R.J., and Brzozowy, D].,
Proc. SPIE, f925, 626, 1993.)

FIGURE 11,32
Thc cffcct or residttal absorption (B parameter) on
Ë¡ swing at constant sensitivity for gline and i-litre
exposure. (From Hansen, S.G., Hurdich, R.J., and
l3rzctzt>wy, l)..1., PrL¡c. SPIL, 1925,626, 1993.)

Micr ol itho g r aplly : S c ienc e ønd Te clunl o gy

c.;
u)
ó

LU

0.36

o.2B

0.24

o.20

amount of the allowable over- or underexposure) can have a significant influence on CD
swing, and can be predicted from the relationship

CDswing:* Q1.r7)
LL

where Ë¡ is exposure latitude and r is an empirically determined exponent, on the order of
2.5 for a reasonably fast photoresist.

Seconrlar"y swing effects are also present in a resist process. These include swings in
resist contrast (y) and surface contour effects. These secondary effects are a result of the
spatial position of a standing wave node at the top surface of the resist. If there is a
destructive interference node near the top surface of the resist, a surface induction effect

0 100

0.0 0.1

200 300
Eo (mJ)

400 500

o)c't
U)
Õ

UJ

0.35

0,30

0.25

0.20

0.i5

o.2 0.3

B value

0.4 0.5

,,ì 2007 by l'¡ylu ¡t Ììtatrcis fìroup, Ll,(l

o

,aI
o
f
d'

ø

o

-e- Êline

-â- g-line

IPR2016-01376  Page 0052



- 

1.16|'t

- 

1.18p
"""""" 1.20P

1.235P

Resist Processing

0.70

0.40
0.0

.9
(ú

o)

coo
o
Í
Þ
0)
.N
õ
E
oz

0.60

500

0.5

Distance from substrate (p)

625

FtcuRE 11.33
Calculated PAC distribution (at the mask
edge) following PEB for four film thick-
nesses. (From Hansen, S.G., Hurdich, R.J',

and Brzozowy, D.J., Proc. SPIE, 1925, 626,

1993.)

1.0

will result, leading to an increase in y. Figure 11.33 shows how this can be manifested. At
resist thicknesses slightly greater than those corresponding to an oPtimum maximum
exposure (1.1"B pm), PAC concentration is increased at the top surface of the resist/
reéulting in T-top formation. This results in a significant loss of linearity compared with
the optimized condition. At thicknesses slightly less than l".l"B pm, there is a decrease in
PAC concentration, resulting in top rounding. These surface effects occur at regular swing
periods. The extent to which these secondary surface effects influence a resist Process
ãepends on how exposure requirements are affected. Surface effects influence clearing
doie (Es) more strongly than they influence dose to size (Er.r) The exPosure margin
(EM), which is a ratio of these doses,

l]

EM :1,1 , (11.1s)
Lç¡

is a measure of the overexposure requirements for a resist and is a good indicator of mask

linearity [75]. Surface-induced swing in Es leads to a corresponding swing in EM. Resists

that demonstrate large surface induction effects during development are most susceptible
to these secondary swing effects.

Ll".L0 Postdevelopment Baking and Resists Treatment

Postdevelopment baking is often utilized to remove remaining casting solvent, developer,

and water within the resist. Baking above the resist's Tu also improves adhesion of the

resist to the substrate. Because photosensitivity is no longer required, the baking tempera-

ture can be elevated toward the solvent boiling point (T6), effectively eliminating the

solvent from the resist and allowing maximum densification. For a DNQ/novolac
resist, any remaining DNQ can lead to problems in subsequent process steps. If the
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still-sensitized resist is subjected to high-energy exposure (such as ion implantation), rapid
release of nitrogen can result from radiolysis of DNQ. In densified resist films, the nitrogen
cannot easily diffuse outward ar-rd may result in localized explosive resist popping that
disperses resist particles on the wafer surface. Baking above the DNQ T¿ after develop-
ment is therefore desired to volatilize the PAC.

Novolac resins generally suffer from thermal distortion (during subsequent high-
temperature processes) morc than PHOST polymers. PHOSTs used for DUV resisters
have T, values on the order of 140'C-180"C; the 7* values for novolac resins are in the
B0'C-120"C range. Elevated baking temperatures also result in oxidation and cross-linking
of the novolac, producing more "thermoset" materials with flow temperatures higher than
the original resist T* (and less well defined). The temperatures required accomplish this,
however, above the resist's T' thereby allowing the flow of patterned features in the

ñ^T^-'^i-^ -^.i-. .^'irh 'f -rolrroo oÞr.--ro 1?fìoa ârô ñ.\r^¡ .n-mnn1., rrcorl anrl
l,rul!ùù. r\vv vrqL lLùrrtù

higher-T, resists have been introduced [76].
To enhance the thermal properties of DNQ/novolac resists, the UV cross-linking prop-

erties of novolac can be utilized. Although the efficiency is quite low, novolac resin can be

rnade to cross-link at DUV wavelengths. This is facilitated at high temperatures. The high
optical absorbance of novolac at wavelengths below 300 nm (absorbance ))1mm*1)
prevents cross-linking to substantial depths. If patterned resist features are subjected to
DUV exposure at temperatures above 150'C, a thermally stabilized surface crust can be
formed. By elevating the temperature of the "DUV cure" process, oxidation of thc
bulk of the resist feature can be accomplished. The process is outlined in Figure 1L.34.

The now-networked resist feature can then withstand thermal processes up to 210'C
without significant resist flow.

H2

+Aorhv

H

FI

cooH H2

+ 't-

,!r, 2l){)7 t)y'l'¡ylo & Fì¡nci\ Groul}, Ll,(-'

H

FtcuRE 1.1.34

Ractical rcactic¡ns ancl oxidations inclucecl in novolac from DUV curing. DUV harclening is effective in the
presence of oxygen or with no oxygelÌ (e.g., in nitrogen) through self-oxidatiur of novolac. Re¡noval ol DUV-
cured novolac can be clilTicult and particulate contamination can occur from rapid nitrogen outgassin¡1 at high
exposurc levels.
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1l".LL Photoresist for L93-nm Lithography

As photolithography has progressed toward 130-nm design rules and beyond, the 1"93-nm

ArF excimer laser has been employed as an enabling exposure source. The traditional
phenolic polymers used for 248-nm and g/i-line application absorb heavily at 193nm
for this application. This is due to the structure of the phenolic ring that possesses a

carbon-carbon double-bond which absorbs at wavelengths below 220 nm. Alternative
platforms needed to be found that could retain suitable etch resistance and solubility
but remain transparent at193 nm. Resist systems based on polymethacrylates have conse-

quently been developed. These systems can achieve adequate 193-nm transparency, high
sensitivity, alkaline-develop-process compatibility, and good imaging properties for very
low k1 values 177).Tine addition of alicyclic pendant groups have resulted in plasma etch

resistance comparable to phenolic-based photoresists, leading to a generation of materials

capable of supporting lithography well below the targeted 130-nm generations [78]. Most
current 193-nm photoresists are based on five main platforms: (1") methacrylate copoly-

mers with alicyclic pendant groups (MA), (2) ring-opening metathesis polymer (ROMP)

with alicyclics in the main backbone, (3) cyclo-olefin addition polymers (CO), (4) alternat-

ing copolymers of cyclo-olefins with maleic anhydride (COMA), and (5) vinyl
ether/maleic anhydride (VEMA). Three of these platforms have gained the most attention,
specifically the MA, CO, and COMA approaches. The advantages and issues of these

platforms are summarized in Table 11,21791.

The improvements in the etch resistance of these resist platforms have led to materials

that are much more production worthy than the earliest formulations, but this remains an

issue. The COMA resists exhibit the highest level of resistance but still do not compare to

their 248-nm PHOST or l-line novolac counterparts. Integration of these materials may

require the use of a hard-mask pattern transfer layer, typically silicon oxinitride (SiON)'

Such a layer can be designed and deposited as an underlying BARC, as described in
Chapter L2. The most recent advances in these resists have led to their reduced sensitivity
to the postexposure bake impact on CD control, which are aPProaching the levels of 248-

nm pHOSt materials. The issues associated with line slimming with SEM inspection will
always remain an issue with acrylate polymers, as the basis of these systems is a scis-

sioning polymer that undergoes volumetric losses with exposure to such high-energy

sources. COMA resists are less sensitive to this effect, but the problems can be minimized
when used with low SEM acceleration voltages. The acrylates and methacrylates have

received recent attention because of their flexibility, both in terms of imaging performance

TABTE 11.2

Summary of the Performance Comparison for Three Major Photoresist Platforms
for 193-nm Applications

Platform Advantages Issues

COMA

CO addition polymer

MA acrylic Polymer

Etch resistance
Mechanical rigidity
Transparency
Excellent etch resistance
Mechanical rigidity
Transparency
Design flexibility
Excellent Adhesion

Transparency (moderate)
Control water content
Polymerization control
Resin purification

Etch resistance
Mechanical rigidity
Line slimming
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and chemical synthesis. Because these polymers are free-radical type, they are simpler to
formulate and modify to tailor imaging and processing properties. Their maturity,
compared to the other systems, has also led to their adoption for most applications. In
2006, nearly 90% of all 193-nm resists sold fell into these two categories,

The rnain challenges with 193-nm resist technology will be those that are related to the
continual shrinking of features size as very low k1 lithography is pursued. As linewidths
move below 90 nm and toward the 32-nm generations, the fundamental imaging limits of
chemically amplified polymeric resists will eventually be reached. These 193-nm materials
will be pushed to this doorstep.

ii.i2 Chaiienges for Current anci Future Photoresists

In addition to the materiai attributes described above for the major 1,93-nm material plat-
forms, there are at several fundamental challenges that will continue to require attention at
every generational transition: resolution, outgassing, pattern collapse, and line-edge
roughness (LER). Pattern collapse and LER may represent the largest near-term challenges
with photoresist materials as the CD budget approaches the size scale of the polymers.
The ultimate image resolution of chemically amplifieci resists will cleternrine the longer
range limits of these materials.

'1"1.12.1 lmage Resolution and Resist Blur

The application of chemical amplification has been the enabling factor in achieving highly
sensitive photoresists for 248-nm and 193-nm applications. It was imperative in the early
stages of DUV resist development that a route be identified by which the quantum effi-
ciency of the photoresist materials could be increased to levels above 1.0. The acid-induced
*^1,,*^-:^ 11-^--^l .l,.^-,,+^-e;,.- ^-l .,.1^.,,^,,,,^r,{iff,,.i^^ *,,-h.,^i.'-. ek-+ h..,,, -ll^.,,,'.1yuryItlLrll tlt!t¡¡rd1 uLyrvl!!ltvll qltq JuvoLYq!¡11 u¡rruJlv¡l rrrLLrrqrrrJ¡rrr r¡rqr rrqvL q¡rvvvLq

these resists to drive optical lithography for several decades will at some point lead to their
detriment. This fundamental limit of these materials will be tied to the image blur or
spread function that inherently results from this thermally activated deprotection and
subsequent diffusion. As the targeted resolution for these materials approaches the physi-
cal blur function of diffusion, their usefulness will become limited.

The exposure of a chemically amplified resist generates a catalytic photoacid species.
'Ihis photogenerated catalyst goes on to initiate a deprotection reaction and, because it is
generally not consumed, induce the deprotection of many sites until it reaches an avel'age
catalytic chain length. This catalytic chain length may be several hundred atoms long,
leacling to a quanturn ef{iciency (the nunrber clf reactions ¡rer photon absorbecl) rnuch
iarger than one. 'i'he iunciamentai iimit to resoiuiion is tieci io ihis chain iength because
an irnage blur will result as the photoacid diffuses into unexposed resist regions. On a

resolution scale where the physical diffusion is sufficiently srnaller than the targeted
geometry, an irnage bia-s results, where the printed line size is redrtcecl. Photoacid size,
exposure dose, rnask bias, and bake process conditions can be used to cclmpensate for this
effect to some exient, bui ofien a base aciciiiive wiii'pe eurpioyeci io iÌre lesisi ftlnruiatit-'rr icr

decrease the diffusion of the acid. At the point where no acicl diffusion is tolerable, the
quantur:rr efficiency must be reduced to one or below, leading to a non-chemically ampli-
fied photoresist system,

The spatial spread of an image in a chetnically arnplified photoresist is corntnonly called
tlre reslsl blw". Tltrough chenrical kinetics simulations, the form of this blur function has
beerr fit to a Lorerftziatt function, as shown in lìigrrle 11.35 [80,8L]. In a genelal
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FtcuRE 11.35
The resist blur function for a high activation energy resist, modeled by a Lorentzian function. The full width half
maximum(FWHM) blurisontheorderof50nm. (FromBrunner,T.A., l.Vac.Scí.Tec\uto\.8,21,2632,2003.)

high-activation-energy resist, the resulting diffused resist blur after PEB may be on the
order of 50 nm (FWHM) [82]. The blurring process can be approximated by convolution
integrals, which have been modeled for some time. Fickian diffusion of an intensity profile
in a photoresist has been used to account for acid diffusion, optical vibration, random
aberration, and other effects [83]. The resist blur function such as the one in Figure LL.35

provides an additional level of understanding to the resolution limitations of a photoresist.
A general rule of thumb can be used based on convolution requirements that image
resolution is not possible when a blur function is larger than the image function itself.
In other words, an image function can be made so small that it acts only as a probe for the
blur function, constituting the resolution limiting aspect of the process. A blur value of
50 nm would therefore limit resolution to values of 65 nm or greater.

There are improvements that can be made to the resist blur function. The obvious one is
the decrease in the catalytic amplification factor by limiting PEB or acid size, Though high-
activation-energy resists exhibit blur values in the 40-60-nm range, values for low-
activation-energy materials can be less than 20 nm. The ketal/acetal ancl carbonate/ester
photoresists that fall into this category require little or no PEB to catalyze deprotection.
Because the acid diffusion of these resist is reduced, blur can also be minimized [84I. The

price paid for this can be detrimental as the benefits of resist blur to line-edge roughness
are not carried out. Additionally, these platforms can produce excessive outgassing,
leading to contamination of optical elements during the exposure Process.

11,12.2 Photoresist Outgassing

The resist outgassing that has been and issue for vacuum lithography technologies (speci-

fically electron beam and ion beam) has become an issue with optical lithography as well.
When DNQ/novolac resists are exposed, nitrogen is released as a byproduct. Although
this would limit the application of these resists for an immersion-lithography application,
it has not posed a significant problem for conventional exposure in air. The chemically
amplified resists used for 248 and 193 nm can be problematic, as byproducts can lead to

2000
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condensation on exposure optics, which dramatically reduces the lifetime of a projection

lens. Careful control of the rrupor pressure of solvent systems, photoacid generators, ancl

a.cl-ctttives can reduce these issues somewhat, as can the addition of radical scavengers to

the resist formulation [85]. Although solvent outgassing can pose problems if a photoresist

is not sr-rfficientlv baked near or above its glass transition temperature, careful bake-
---------- J

process design cân nearly eliminate this from being a practical problem [86]. The level

ãf outgassing resulting from acid-catalyzed deprotection immediately aftcr exposure is a

funcûõ¡r of the photoaðid generator and the polymer qrotecting group. Outgassing rates of

193-nm photoråsists have been measured båtwLen 1011 and lOftmolôcules cm-2 s-1. The

bulk of the species outgassed are protecting-group fragrrrents and photoacid-generator

fragments that can be reduced substantially when a high-activation resist platform
is employed.

11.12.3 Line-Edge Roughness

Line-edge roughness (LER) is a primary concern for device geometries below 180 nm and

becomes criticãl to understand and control for sub-90-nm generations. LER is different

frorn linewidth roughness (LWR), which is related but is a measurement of the roughness

effect on both sides of a feature. Although litre thinrring may not be indicated in a LER

measurement, it would be measurable with LWR. LER and LWR of a patterned line are

accumulations of variation from the photomask, exposure source, photoresist, and the

resist-material stack. The metric used for LER is usually a 3ø measurement of variation,

which generally should be no more than 5% oÍ the critical dimension (CD) in the photo-

resist. This reduces the CD budget and will also be transferred to underlying layers during

subsequent etch process steps. The photoresist contribution to LER has not been fully
quantified but has been found to be related to several factors. Photoresist Process con-

ditions have been identified as an important factor in LER control [87], but molecular
1 I r ¡ - ,-l--- ^ l^^^ ^:^-:r:^^^r -^1^ f OOl "fL^ l:-. ,,1"+i,.^

welgnt anct cllstnþuilon nave DgeIl I()uItLr t(t PIay d lcss ÞrËrtulLclrrt rt'rc l(,ul. I rrL uruil,rurr(,rr

of pãrtially protected polymers influences LER only to a minor extent but the phase

separation óf protecteà and deprotected polymers can have a significant effect [89].
polyrner aggregates in the range of 23-30 nm in diameter can also lead to significant

roughness-tÞO]. Sfrot noise also becomes a contributor for small-pattern geometries. It
*orld stand to reason that by increasing the acid diffusion length of a chemically ampli-

fiecl LER could be decreased. Although this is trrrc, increasing the diffusion length to 20"/o

of the targeted feature pitch value saturates the improvement; beyoncl that, only losses in

image resolution and process latitude will result [91].

11,12.4 Resist Pattern CollaPse

As the aspect ratio of photoresist features increases, so does their susceptibility to collap-

sing. This has especially become an issue for geometries below 130 nm where the stability

of ú3-nm a¡d 248-nm iesists rnay not withstand the mechanical stresses of spinning or the
r : :'^ C:,,,'-^ 11 ,ll, loa Ozll l\rïo¡Lan-

Capl[al'y IOICeS OI ClI'yUlg Cf UIll[B PIUUe5'Þ btd¡it:Þ/ d) òrErr Ir r r6urç \\.\'v l/L / rl. lvrL\'¡rq¡r

lcál forãer play a large role in the behavior, where the tops and centets of line features

(íui.iiiest fròmihe substrate) may expericncc attractiou, resulting in contact after rinse an-cl

dry steps. The mechanical properties of the photoresist material, including the Youug's

-å.l,tl,ìr, residual strai¡, residual stress, coefficient of thermal expansion, and the glass

transitiorr ternperature (Tg), will influence collapse. Several studies have detertnined the

c:xtent to which these faciors influence partterning atrd allowed for the calculation of thc
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FtcuRE 11.36
Resist pattern collapse for high aspect ratio line-space features.

effect [95-96]. The unbalanced capillary force surrounding a line (AF) can be determined as:

(11.le)

where s1 and s2 represent the space regions surrounding the line, 7 is the surface tension
of the rinse fluid (where water is 72 mN/m), H is the film thickness, A is the line edge
area, and d is the contact angle of the rinse liquid. Uneven fluidic forces from rinse steps

contribute most significantly to the collapse of resist lines. As a photoresist line becomes
more compliant, lateral deflections can lead to the "shorting" of features from the top
surface downward, which increases with aspect ratio. Collapse can also be influenced to
a large extent by the adhesion of the photoresist to the substrate, feature profile (footing
and undercut, as influenced by processing and reflection), pattern spacing, and pattern
asymmetry. In general, symmetry on each side of a resist line feature will decrease the
propensity for collapse as attractive forces are equilibrated, as can be seen from Equation
1.1".18, where s1 and s2àre equal. Asymmetry, such as the condition for the last line of a
grouping, will increase the likelihood of collapse. Imaging conditions will also play a
large role in pattern collapse, where best focus and exposure conditions provide the
maximum image modulation conditions and the lowest susceptibility to mechanical
failure. As excursions from ideal focus and exposure are explored, degradation will
result [97]. As an example, the SEM images of Figure t1".37 are under a condition
of defocus.

To overcome the problems associated with resist pattern collapse, several approaches
have been introduced for the reduction of the surface tension and attractive capillary
forces during rinse and drying steps. Work with alcohol-based rinses followed by super-
critical CO2 (SCC) drying has shown promise, where surface tension vanishes in the
supercritical phase [98]. Problems with the recondensation of water during the SCC

drying process and the need for high-pressure chambers may present challenges. Alterna-
tive processes involving SCC as a solvent and development media have also been

L,F :2^rl1-!)ro cos d,
\st sz/
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FiCURE i i.37
Pattern collapse for resist features with
defocus, which increases the suscep-
tibility for failure.

introduced, but their practicality relies on the development of processing and tooling for
their application [99]. A more adaptable sohrtion to the problem may be the introduction
of surfactants during the final rinse stage of processing [100]. Because capillary forces scale

with the surface tension of the resist liquid and contact angle, rinse liquids wiih a low
surface tension can minimize the unbalanced capiliary forces. The challenge with rinse

agents and surfactants is their compatibility with the variety of resist chemistries
employed for sub-130-nm imaging. A thorough screening of materials for compatibility
is required prior to implementation. An ideal strategy to reduce collapse problems is
the design of resist materials so that the surface tension is optimized for use with
water rinsing.

L'1-,.'1,3 Photoresist Issues for Immersion Lithography

As immersion lithography is employed for use aL193 nm, several issues arise that are

unique to imaging in a fluidic environment. Some of these are addressed in Chapter 3,

Section 3.10. Additional process concerns include the leaching or extraction of resist com-
ponents into the immersion fluid, the diffusion of the immersion lluid into the resist

matrix, and the timescales of these processes related to imaging and subsequent
mechanisms.

'rl-., 1,,,...1..i-..- ,..tr D^ ,-- ^-,rl 1.^-,. .,{,1i+ì.,,'. f-^'.. - ^L..r^.^.i"1 hr" hoo,- "L^-^rrr ln ho r
lllg lcaLrtur¿á ul ¡ n\l qllu UGDç quulLrvçù ra\4r1

surface phenomenon where a small volurne of molecules are extracted, on the order of
3%-5% for a 200-nrn fihn [101,102]. The leaching occurs quickly, equilibrating after the first
10 s of contact between the photoresist and the fluid (where water has been most exten-

sively studied) [103]. The simplest moclel assumes that the leaching of a PAC is a function
-.r (1-.,- -^---^l^.,-. ^1--^1^-.-I^- ^t Ll^ ^.--f ^^.- ,^,1-:^1- ;- ^..;+^ ^¡^^"-r^ f^* "'.Á^t'.+^-'liñft +h^ul LIle ll[llllt Ht Lrt tilLrrr(_urcJ dt rlLE ùulldLs/ vvrlrLrr rù Yulrç 4uçYuqrç rvl L{rruuaor4rruul¿i urL

rnechanisms involvecl. Resist fonnulations optimized for use with water-itnmersion
imaging arc nccdcd to minimize this leaching, ctherwise top-coat rnaterials -¡¡ill be

needed as a barrier layer between the photoresist and the fluid [104]. As water is diffused
into a photoresist film, it swells and experiences an increase in thickness. Using quartz
clystal rnicrobalance and optical reflectance tecluriques, the water uptake of a photoresist
fihn during contact with water has been lneasuïed [105]. During the first 30 s of exposure
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to water, up to 4 parts per thousand can be carried into the photoresist film [106]. Despite

the significant extraction of resist components into the immersion fluid and the relatively
large amount of water driven into the photoresist film, the impact to imaging with the

existing 193-nm resist platforms have been surprisingly minimal. Using interferometric
immeriion lithography for imaging various fluids and resists, a large number of materials

have been tested and have achieved resolution well below 45 nm [107,108]. Unlike the

challenges that have been involved with the transitional requirements for photoresist

materials with the changing of exposure wavelength, there has not been a need for a

new class of materials for L93-nm water-immersion lithography. New schemes will
become necessary as the resolution scale is pushed beyond the fundamental image capa-

bilities of polymeric chemically amplified resist platforms.
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